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PRECEDING PAGE BLANK NOT FTLMEP 

FOREWORD 

This document i s the final r epor t covering a one-year investigation of an 

Elect ro-Opt ic Direct ion Sensor (EODS), a no-moving-par t s single axis s t a r -

sensor . 

The purpose of this document i s to p resen t a comprehensive set of r e su l t s 

from the investigation. The r e su l t s and conclusions a r e collected h e r e under a 

single cover, and a r e given in g rea t e r detai l than would be expected in a journal 

paper. This r epo r t should enable the r eade r to unders tand all facets of the 

work, and if des i red , to duplicate the r e s u l t s . Fo r the r e a d e r who is not 

in te res ted in th is level of detail , it will be sufficient to read the Introduction, 

Section I, and the Discuss ion, Section IX. 

This t a sk was supported by the Advanced Applications Flight Exper iments 

P rog ram, NASA Task No. 630-52-86-05-55. It was proposed in response to 

the Spring 1970 AFO, and falls under the Applications Technology portion of the 

AAFE p rogram, and is concerned with sensing techniques for atti tude control 

of satel l i tes or spacecraft . The direct ion sensor t a sk was an analytical and 

labora tory investigation d i rec ted toward establishing the capability of a new and 

untr ied Elec t ro-Opt ica l Direct ion sensing concept. No flight exper iments were 

planned or conducted. The overal l purpose of the work was to collect sufficient 

data through labora tory experimentat ion to pe rmi t a prototype sensor to be 

designed to a given set of requi rements with a good level of confidence. The 

work was intended to show what applications could be advantageously served by 

EODS. 

The feasibility of the concept was establ ished during an R&AD effort p r e 

ceding the initiation of the p resen t AAFE task. The paper , "An Elec t ro-Opt ic 

Direction Sensor, " resu l ted f rom this ear ly work, and has been included with 

this r epo r t as an addendum for convenient r e fe rence . A second paper , "Noise 

in the Elec t ro-Opt ic Direct ion Sensor, " covering the noise m e a s u r e m e n t s is 

also appended. 

J P L Technical Memorandum 33-598 i i i 



Several specific objectives were identified: 

1) Obtain data defining the noise-effect ive input angle of the sensor . 

2) Determine the sensi t ivi ty of the b readboard EODS to s t ray light. 

3) Evaluate the range of angular field-of-view that can be accommo

dated, and demons t ra te an acquisi t ion signal. 

4) Identify a technique for lowering modulator dr ive voltage requi re

ments by mechanica l tuning of the modulator element. 

5) Demons t ra te a hor izon t r a c k e r configuration of EODS. 

6) Evaluate the re la t ive m e r i t of an avalanche type photodetector 

compared to a sil icon PIN device. 

Each of these topics i s d i scussed in tu rn in the following sect ions. The 

exper imenta l approaches used and the r e su l t s obtained a r e presented . The 

per t inent conclusions in each a r e a a r e d iscussed. 

i v J P L Technical Memorandum 33-598 
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ABSTRACT 

Evaluation of a no-moving-par t s s ingle-axis s ta r t r a c k e r called an e l ec t ro -

optic direct ion sensor (EODS) concept is descr ibed and the resu l t s a r e given in 

detail. The work involved exper imenta l evaluation of a b readboard sensor 

yielding resu l t s which would pe rmi t design of a prototype sensor for a specific 

application. The Labora tory work included evaluation of the noise equivalent 

input angle of the sensor, demonst ra t ion of a technique for producing an acquis i 

tion signal, const ra ints on the useful field-of-view, and a quali tat ive evaluation 

of the effects of s t r ay light. In addition, the potential of the sil icon avalanche-

type photo diode for this application was investigated. No benefit in noise figure 

was found but the easily adjustable gain of the avalanche device was useful. The 

use of mechanical tuning of the modulating element to reduce voltage r equ i r e 

ments was also explored. The predic ted per formance of EODS in both photo-

mult ipl ier and solid state detector configurations was compared to an existing 

s t a t e -o f - the -a r t s t a r t r acke r . 

J P L Technical Memorandum 33-598 vi i 



EVALUATION OF THE ELECTRO-OPTIC DIRECTION SENSOR 

Alan R. Johnston 
Phil M. Salomon 

Jet Propuls ion Labora tory 

I. INTRODUCTION 

General 

Orientation by re fe rence to fixed s t a r s and also pointing of an ins t rument 

or device with r e spec t to some luminous object is a common control problem. 

Many approaches have been successfully used in the past for these purposes , 

but significant improvements in a few a r e a s would be very useful if they could 

be made available. Star sensor s typically use ei ther mechanical scanning or 

chopping, which tends to be cumbersone , or use de tec to rs in a dc mode with 

i ts attendant drift problem, or employ image d i ssec tor tubes for the modula

tion function, which a r e expensive. 

The Elec t ro-Opt ic Direct ion Sensor, or EODS, r e p r e s e n t s an approach 

which has the potential for providing a considerably sma l l e r , s impler , and 

presumably cheaper single axis s tar sensing device than is now available. A 

t r acke r 5 cm x 5 cm x 15 cm including e lect ronics should be feasible. The 

possibil i ty of using severa l individual s tar s ensor s in one optical orientation 

device thus appears to become prac t ica l to obtain redundancy, and, in the case 

of s t a r s , to avoid the usual uncer ta inty with s ta r identification. Alternat ively, 

design of an EODS for highly p rec i se t racking also appears to be possible . 

Conversely, t he re a r e l imitat ions inherent in the EODS type of sensor -with 

regard to field-of-view, and also, because of unavoidable detector noise, with 

regard to the use of a so l id-s ta te detector . These points will be d iscussed in 

detail in the following sect ions. 

A complete analysis of the EODS concept has been presented in a paper , 

"An Elect ro-Opt ic Direct ion Sensor, " (ref. 1), and will not be repeated he re . 

A very brief descr ipt ion of the pr inciple of operat ion of EODS follows, but 

reference 1 should be consulted for further detail . 

J P L Technical Memorandum 33-598 1 



The e lec t ro-opt ic d i rec t ion sensor (EODS) depends on the anisotropy of 

the ref rac t ive index of a pai r of wave plates for i ts direct ional sensit ivity. 

Quar tz , calci te , KDP, or other uniaxial m a t e r i a l may be used. One wave plate 

i s cut with i ts optic axis at an angle to i ts sur faces , and, as a r e su l t , i ts 

r e ta rda t ion var ies l inear ly on the di rect ion of propagation. This plate has been 

called the Direct ional Wave P la te , or DWP. A second plate called the com

pensator , cut with the appropr ia te thickness and with its axis in the plane of 

i ts sur faces , is or iented for exact compensation on-axis . These two plates a r e 

placed between c ros sed p o l a r i z e r s along with an e lec t ro-opt ic modulator plate 

to form what is called the d i rec t ion-sens i t ive modulator (DSM). Its t r a n s m i s 

sion depends in sinusoidal fashion on angle, in rough analogy with in te r ference 

fr inges. Geometr ical ly it behaves like a p lane-para l le l window. The function 

of the modulator e lement is to produce an ac photosignal by modulation of the 

DSM t r a n s m i s s i o n function such that the angular position of a distant point 

source can be extracted by phase detection. Thus, the direct ional re ference 

is embedded in the pass ive c rys ta l optics and the detector is able to operate in 

an ac mode. The te lescope s e rves as a light gathering function only. 

Descr ip t ion of Breadboard Sensor 

A number of figures follow, which i l lus t ra te the appara tus used to conduct 

all of the exper imenta l work. 

A breadboard sensor was constructed using optical bench ha rdware . It was 

convenient to space out the e lements along the axis to facili tate independent 

adjustment of the orientat ion of each element . The e lec t ronics used for modu

lator dr ive and signal detection were commerc ia l labora tory instrumentat ion. 

No at tempt was made to package the sensor in a flight configuration. 

An overal l view of the bench is shown in figure 1. The col l imator p r o 

viding the s imulated s tar i s seen on the right. Its angular position was 

monitored by means of the dial gages shown. The s tar was simulated by means 

of a pinhole source i l luminated by a r ibbon-fi lament lamp. F i l t e r s were in t ro 

duced behind the pinhole to adjust the color t empera tu re to approximately 

5500°K and to control the intensity. 

2 JPL, Technical Memorandum 33-598 





A field stop and the photomultiplier housing a r e at the ex t reme left in the 

p ic ture . 

The geometr ica l configuration of the optical e lements is shown in fig-

gure 2. The sketch is drawn to scale . The te lescope lens was a commerc ia l 

100 m m efl f/4. 5 enlarging lens , although it is shown in the sketch as a simple 

lens at the location of the stop. The limiting aper tu re in this apparatus is the 

1 cm diameter of the wave pla tes . 

Another view of the lab bench is shown in figure 3. In this configuration a 

solid state detector has been substi tuted for the photomultiplier . A microscope 

objective se rves as a field lens , and t h e r e is no field stop other than the 

ape r tu re of the microscope lens . The detector i s mounted in a meta l box for 

shielding. The box was mechanical ly supported and positioned by being 

at tached to the PAR Type D high input impedance preamplif ier (R. = 10° Q,) for 

a HR-8 phase sensi t ive detec tor . A separa te PAR Type 113 preampli f ier was 

substituted in some of the runs , and yielded s imi la r r e su l t s . A c loser view 

of the detector box and field lens is given in figure 4, and the detector with the 

cover removed in figure 5. P a r t of the biasing bat tery and load r e s i s t o r can be 

seen beneath the baffle. 

II. EVALUATION OF THE EQUIVALENT NOISE INPUT 

An investigation of the s ignal - to-noise ra t io to be expected f rom the EODS 

was conducted because the new modulation scheme which it employs is suffi

ciently different from that used in other forms of s tar t r a c k e r s to make pr ior 

exper ience an unrea l ib le indicator . Noise is a limiting factor in the applica

tion of a s tar t r a c k e r , because of the very low intensity of even the br ightes t 

s t a r s . The noise super imposed on the output signal typically or iginates in the 

photodetector. At best , a t r a c k e r will be photon-noise l imited due to the 

s ta t i s t ica l na ture of the light itself, a l imitat ion that can be encountered in 

4 J P L Technical Memorandum 33-598 
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prac t ice . Real de tec tors , pa r t i cu la r ly the smal l so l id-s ta te de tec tors that one 

would like to u se , add their own noise, which may be o rde r s of magnitude 

l a rger . Noise of course var ies inverse ly as the square root of the response 

t ime of the sensor so that if a t ighter pointing accuracy is required , slower 

response must be to lera ted . 

The p rob lem addressed in this work was to determine the noise equivalent 

input angle (nea) of the EODS as a function of bandwidth, collected light flux, 

and other p a r a m e t e r s . F r o m this data, collecting aper tu re , detector type and 

sensor r e sponse t ime could be selected to fit a given application. 

Both theore t ica l and empi r ica l approaches were pursued. F i r s t , the noise 

equivalent input of a hypothetical ideal sensor was calculated to se rve as a 

point of re fe rence for comparison. The bas ic photon noise was calculated, as 

well as the noise effective angle with r e a l photodetectors , which was calculated 

from detector N. E. P. and quantum efficiency data. The noise effective input 

angle of the EODS was then calculated and compared with the above. The 

calculated noise input for the EODS is l a rge r because of the imperfect efficiency 

of i ts modulation scheme and t r a n s m i s s i o n lo s ses in i ts optics. 

Noise inputs were then measu red with the labora tory breadboard sensor , 

described in the Introduction, using both a representa t ive photomultiplier and 

severa l different solid state de tec to rs . 

The detailed r e su l t s a r e given in re fe rence 2, and will not be repeated 

here . 

The pr incipal findings were f irs t , that the calculated noise input was in 

agreement with exper iment , thus lending confidence to the theore t ica l approach 

used, and secondly, the EODS is nois ier by a factor of 3. 5 than the ideal sensor 

under the same conditions. This factor is not unduly large , and is a reasonable 

pr ice to pay for the benefits of a no-moving-par t s ac photodetector operation. 

J P L Technical Memorandum 33-598 9 



The information neces sa ry for sizing the components of an EODS sensor 

for a specific application is summar ized in figure 6, which is reproduced from 

re fe rence 2. The data in the figure was calculated, but a s mentioned above, 

they ag ree sat isfactor i ly with experiment . The equivalent noise input i s 

normal ized by the factor <*m a x r epresen t ing the ful l -scale angular range of the 

sensor . 

Thus , the noise is expressed as a fraction of the ful l -scale sensor output, 

which is like an inverse s ignal - to-noise ra t io . A na r rower field of view 

inherent ly r e s u l t s in smal le r noise when m e a s u r e d in angular uni ts . All the 

data shown a r e for T = 1 sec; different t ime constants change the equivalent 
- 1 / 2 noise input propor t ional to T . The t ime constant T may be in te rpre ted in 

two ways; ei ther as the t ime constant of the sensor output, in which case the 

equivalent noise angle applies to the sensor output signal; or r may be con

s idered a control loop t ime constant, and the noise as the fluctuation in the 

or ientat ion of the controlled iner t ia . 

In the context of a prac t ica l application, the EODS, when incorporat ing a 

photomult ipl ier detector , can easi ly t r ack the br igh tes t s t a r s with a 1 cm^ 

ape r tu r e . However, to fully r ea l i ze the potential of the concept, one would 

like to combine it with a compact so l id-s ta te detector . Our r e su l t s indicate 

that th is is poss ible , but that a considerably l a rge r collecting ape r tu re would 

be n e c e s s a r y . If a 1 sec t ime constant is assumed, 4 cm diameter optics 

could be used with a ze ro magnitude s ta r . Thus , a t rade-off is n e c e s s a r y 

between the size and complexity of the detector and the size of the collecting 

optics themse lves . 

It i s a lso implici t that the u s e of a so l id-s ta te detector involves state-of-

t h e - a r t design of the de t ec to r -p reamp combination; not an important con

s idera t ion when using a photomultiplier. 

A separa te effort was made to de te rmine whether an avalanche type of 

photodetector could offer significant advantages over the silicon PIN type used 

10 J P L Technical Memorandum 33-598 
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in the above study. This involved measur ing detector N. E. P. for the specific 

operating conditions encountered in the EODS. Resu l t s f rom this investigation 

will be descr ibed below in a separa te section. 

III. SILICON AVALANCHE PHOTODIODE EVALUATION 

Background 

The p r i m a r y objective of this phase of the investigation was to evaluate the 

suitabil i ty of sil icon avalanche photodiodes to se rve as de tec to rs in the E l ec t ro -

Optic Direct ion Sensor. The pr inciple p a r a m e t e r s to be evaluated included 

noise-equivalent luminance, responsivi ty , avalanche gain, and dynamic output 

r e s i s t a n c e . All m e a s u r e m e n t s were to be made at light flux levels which a re 

r ep resen ta t ive of s tar t racking operat ions in typical spacecraf t flight si tuations. 

Avalanche photodiodes a r e wide-band devices , with frequency response 

de te rmined by the finite t ime requ i red to collect the secondary holes and 

e lec t rons . This t ime is approximately one half the t r ans i t t i m e through the 

depletion region; on the order of 1 x 10" 1^ seconds for silicon. The gain-

bandwidth product of the in ternal gain p r o c e s s can be 100 GHz. Avalanche 

photodiodes with act ive a r e a s of 1. 8 x 10 cm (-1-1/2 m m diameter) a r e 

cur ren t ly available for evaluation. 

Noise is added to the l ight-induced signal because of the s ta t is t ica l nature 

of the avalanche p r o c e s s . The noise figure i n c r e a s e s with gain, but significant 

improvements in s igna l - to-noise ra t io a r e st i l l obtained with avalanche mul t i 

pl icat ion because the excess noise i s always much smal le r than the noise of the 

following amplif ier s tage. 

The dominant noise source is dark cur ren t , a r i s ing from both leakage 

cu r ren t through the bulk diode ma te r i a l , and f rom surface leakage between 

e lec t rodes . The in te rna l leakage cur ren t is amplified by the gain p roces s , 

12 J P L Technical Memorandum 33-598 



while the surface leakage is not. Improvement in overal l noise figure can be 

obtained in th ree ways. By maximizing the gain, the contribution of surface 

leakage is made l e s s important . This step was taken in making gain m e a s u r e 

ments , and can also be easily done in p rac t i ce . Once the avalanche mult ipl ica

tion is optimized, the diode dark cur ren t becomes the limiting p a r a m e t e r , and 

further improvements in sensit ivity can only be real ized through cooling the 

diode, or by reducing the surface leakage in manufacture. 

Because of the ex t remely fast r e sponse t ime of the sil icon avalanche diode, 

the device is typically used as a wideband photon detector . To obtain high 

speed per formance , it is n e c e s s a r y to use a low impedance preampl i f ier . 

Under these conditions, the u l t imate sensit ivity of the diode may be degraded 

because of the input noise cu r ren t f rom the low r e s i s t ance circui t . In the case 

of the EODS detector , the response t ime requ i rement s a r e quite modest and the 

avalanche detector can opera te into a high impedance preampl i f ier . Noise data 

obtained under these conditions was not found in the l i t e ra tu re . 

Exper imenta l Resul ts 

Four silicon avalanche photodiodes were selected for evaluation as r e p r e 

sentative of the cur ren t a r t in the manufacture of these types of devices. Two 

of the photodiodes were designated TIXL59* while the other two were designated 

TIXL69 (ref. 10). The principal difference between the two types is that the 

TIXL69 has fourfold i nc rease in sensi t ive a r e a over the TIXL59. 

P r io r to evaluating the photodiodes, it was n e c e s s a r y to design and fabr i 

cate a high-voltage b ias regula tor . The b ias regulator included a closed-loop 

sol id-s ta te regulator c i rcui t with output cu r r en t l imiting. Very p rec i se regula

tion of the voltage applied to the detector was neces sa ry during al l t e s t s 

because of the sensit ivity of photodiode cha rac t e r i s t i c s to applied voltage when 

operating in the avalanche region. A schematic d iagram of the bias regulator 

is shown in figure 7. 

J P L Technical Memorandum 33-598 13 
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A special t e s t fixture was designed to provide a shielded mounting for the 

avalanche photodiode and to allow coupling of the output signal to a low-noise 

preamplif ier (PAR Type D). The t e s t fixture provided a differential readout of 

the signal voltage to re jec t any common-mode signals such as power supply 

ripple, extraneous signal pickup, etc. The schematic detai ls of the tes t 

fixture a r e shown in figure 8. 

The optical s t imulus used in the evaluations consisted of a coll imated point 

source whose intensity was carefully measu red pr io r to the evaluations. 

Source control was maintained by meter ing the col l imator lamp cur ren t and 

making any requi red br igh tness changes by means of neut ra l density f i l ters . 

The collimated point source was chopped by a mechanical chopping wheel 

(PAR Model 222) and then imaged on the sensi t ive a r ea of the avalanche photo-

diode under tes t . A Wollensak Raptar lens having a 75 m m focal length was 

used as the final imaging device. 

Measurements of the avalanche diode output were made with a PAR Type 

HR-8 Lock-In Amplifier, Measurements of noise voltage were made with a 

pen r eco rde r to allow an accura te es t imate of the r m s value to be made. Noise 

vcltage was also measu red with the avalanche bias removed to allow evaluation 

of the tes t equipment noise contribution. The chop frequency was 80 Hz, and 

the measu remen t bandwidth was 0. 125 Hz. 

Avalanche photodiode evaluations consisted of determining noise-equivalent 

luminance, responsivi ty , and output r e s i s t ance . Each of these p a r a m e t e r s was 

measured as a function of bias voltage, input i l lumination, and load r e s i s t ance . 

The measu red p a r a m e t e r s were strongly bias-dependent with each avalanche 

photodiode exhibiting an optimum bias voltage for maximum responsivi ty. 

Table I l i s t s the m e a s u r e m e n t r e su l t s for the four avalanche photodiodes 

tested. In each case , responsiv i ty of g rea te r than one amp/ lumen was obtained 

with a noise-equivalent luminance of typically 10" l lumens/N/ H Z . Values of 

avalanche gain in excess of 10"^ were recorded for all devices tes ted, with 

J P L Technical Memorandum 33-598 15 
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considerable var iat ion being exhibited between devices. The dynamic output 

r e s i s t a n c e of a l l devices was g rea t e r than 100 megohms at the operating bias 

point l is ted in Table I with a reduction in output r e s i s t ance occurr ing as the 

b ias voltage was reduced. The noise-equivalent luminance was re la t ively 

independent of the value of the load r e s i s t o r used. 

Summary.— The u s e of a silicon avalanche photodiode in place of the photo-

mult ip l ier offers many a t t rac t ive poss ibi l i t ies for the EODS. The most signifi

cant of these is probably the reduction in size and weight that would resu l t 

f rom using an avalanche photodiode. Another definite advantage would resu l t 

f rom the elimination of high-voltage power supplies normal ly requ i red by 

photomult ipl iers along with the i r at tendant corona d ischarge and insulation 

breakdown prob lems . 

Silicon avalanche photodiodes a r e rugged, long-lived, r equ i re very lit t le 

operating power, and have wideband spec t ra l r esponse c h a r a c t e r i s t i c s . They 

do not suffer overload or fatigue fai lures as do photomult ipl iers . The ability 

to vary the sensi t ivi ty of the avalanche photodiode by changing the bias voltage 

allows automatic gain control to be incorporated as has been done with photo

mul t ip l i e r s in the past . 

IV. DEMONSTRATION OF AN ACQUISITION SIGNAL 

Objective 

A labora tory demonst ra t ion of means for producing an acquisit ion signal 

with the EODS i s descr ibed in th is section. The acquisit ion signal indicates the 

p resence of the re fe rence source in the useful field of the sensor . It is 

separa te from the p r i m a r y t racking signal. In a control sys tem, it would be 

used to actuate a switchover between a sea rch mode and a t racking mode. The 

same acquisi t ion signal may also be used to help in identifying the s ta r being 

t r acked because at null it i s proport ional to br igh tness . 

18 J P L Technical Memorandum 33-598 



The objective of th is par t of our work was to demons t ra te with the EODS 

a means for obtaining an acquisi t ion signal, and to de te rmine whether the 

signal to noise ra t io obtainable i s acceptable . Our p resen t conclusion is that 

the amplitude of the component of the photosignal at the second harmonic of the 

modulator dr ive frequency should be used as the acquisit ion signal. Since the 

amplitude of the second ha rmonic (2w) component of the photosignal i s l e ss than 

the fundamental, it is impor tan t to show that a source br ight enough to t r ack 

is also br ight enough to produce an acquisit ion signal. 

Although the dynamics of the acquisit ion p roces s a r e not considered, it is 

assumed to be des i rab le for the t r a c k e r to provide a valid control signal over 

as wide an angular field as poss ible . The sys tem mus t be able to switch to a 

tracking mode and stop a s ea rch sweep before the re fe rence object pas ses from 

the field-of-view. Thus, in genera l , t he re is an inverse re la t ionship between 

field-of-view and the t ime requ i red for acquisit ion. Brief considerat ion -was 

given to optical means for extending the field, but u s e of the 2oo acquisi t ion 

signal in combination with the p r i m a r y e r r o r signal is felt to be preferable . 

This scheme will be descr ibed further below. 

Analysis 

An analys is has been made of the EODS optics to obtain the expected photo

signal as a function of the angle a between the re fe rence s ta r and sensor axis 

(ref. 1). The resu l t , taken f rom that paper , i s : 

T
l = 1/2 - 1/2 cos U —2_\ J n (T ) I~ \ 2 a I 0 mo ' 
O \ max / 

- sin [-?• a \ J . ( T ) sin u t - cos /•£• —2— \ J - ( r ) cos 2wt Z o / 1 mo I 2 a ] 2 x mo 
\ max / \ max / 

+ higher ha rmonics (1) 

J P L Technical Memorandum 33-598 19 



I r e p r e s e n t s the t ime-dependent modulated light flux incident on the detector , 

and I is the total flux t ransmi t ted by the po la r i ze r . I is half the incident o o 
unpolar ized flux because of the attenuation of the po la r i ze r for unpolar ized 

light. 

The above express ion shows that the photosignal will be composed of a dc 

component plus a s e r i e s of ha rmon ics of the modulator dr ive frequency w. The 

re la t ive amplitude of the ha rmon ics depends on the modulator dr ive , which 

de te rmines the quantity r m o , the peak amplitude of the sinuosoidal re ta rda t ion 

of the modulating element . 

An acquisi t ion signal could be obtained ei ther f rom the average value of 

the photosignal, the f i rs t two t e r m s in eq. 1, or f rom the 2to component. How

ever , it i s des i rab le to avoid dc operat ion of the photodetector, so our attention 

was di rec ted toward the 2 GO component. 

The magnitude of the 2wand IOJ t e r m s may be compared by re fe r r ing to 

eq. (1). Since both t e r m s vary with <*, but in a different way, the max imum 

amplitude of each t e r m is compared. 

V (max) J _ ( r ) a _ 2V mo ' 
V (max) J . ( r ) 

o • 1 m o 
(2) 

The quantity V r e p r e s e n t s the acquisit ion signal, which is proport ional to 

(I)2co and is l a rges t when a = 0. Similar ly , VQ is the control output, which is 

proport ional to (I)w and is l a rges t at a = a . The ra t io is plotted in figure 9 

as a function of r m o . At a modulator dr ive of r m o = 0. 9, a typical operating 

level , the magnitude of the second harmonic signal is seen to be about 1/4 of the 

fundamental. 
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Laboratory Demonstra t ion 

The 2 co acquisit ion signal was demons t ra ted using the e lec t ronics 

i l lus t ra ted in block d iag ram form in figure 10. Note that figure 10 is the same 

as figure 3 from re fe rence 1 except that additions from which the V a output is 

provided have been inser ted . The two phase sensi t ive de tec tors measu red the 

amplitude of the l u a n d 2co ha rmonics separa te ly . The modulator frequency 

was doubled by a simple diode br idge before supplying it as the re fe rence for 

the 2u phase sensi t ive detector . The PAR lock in ampl i f iers function as a 

very na r row band tuned amplifier p rec i se ly set to the des i r ed harmonic . A 

tuned amplifier could be substituted for the 2co phase detector , although in this 

case , the negative port ions of V would be rect if ied resul t ing in an always 

posi t ive signal. 

When using the solid state detector (HP 4207), it i s nece s sa ry to preamplify 

before splitting off the lco and 2co signals. A PAR Type 113 preamplif ier was 

used. The preampli f ier must , of course , be able to handle both the lco and 2co 

signals simultaneously. 

Plots were made by scanning the col l imator in the angle a at a very slow 

r a t e with a motor , while recording the signal outputs. F igure 10, re fe rence 1 

was plotted in the same way. F igure 11 shows one of these plots made with a 

re la t ively br ight s imulated s tar such that noise was not significant. The scan 

was c a r r i e d over a much l a rge r angular ranee than oi <. a < a , showing 
b & & max max & 

the sinusoidal nature of the two signals V a and V . Fo r this plot, the modu

lator dr ive was 1000 V r m s , which cor responds to r m o = 1. 00 and 
v

a ( m a x ) / v
0 ( m a x ) = °- 3-

The observed value of V ( m a x \ / V (max) was 0. 25, in sat isfactory 

agreement . 

To evaluate the noise l imitat ion of the acquisit ion signal, s imi lar plots 

w e r e made for lower and lower s ta r intensity until the signals became lost in 

22 J P L Technical Memorandum 33-598 
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noise. An example of one of these plots is given in figure 12. In this plot, the 

gain in the 2co channel was 10 t imes that of the signal channel, r a the r than 

4 t imes , as in figure 11. As a r e su l t , the re la t ive magnitude of the plotted 

acquisition signal is l a r g e r . The t ime constant for the two channels was the 

same. The signal to noise level in the acquisit ion channel is poorer than in the 

signal channel, as expected, but it i s apparent that a useful acquisit ion signal 

i s available. 

A s imi la r plot, was also made with a 9536 B photomultiplier as the 

detector . The internal gain of the photomultiplier is sufficient to dr ive the 

phase sensit ive de tec tors d i rec t ly , so no common preamplif ier was used. 

Referr ing back to figure 11, only the cent ra l portion of the plotted angular 

t rave l , say -0 . 7 a - a - 0. 7 <* _„ would be used for control. This range is 

indicated on the figure. Since the signal outputs a r e inherently per iodic , the 

field-of-view must be l imited optically to ±2 a
m a x to ensure that a control 

signal can be generated in the p roper sense to dr ive toward null during an 

acquisition sequence. Suitable logic will ensure that the sys tem does not 

switch back to a sea rch mode over the -2 a,„_„ < a <2 a because the 

acquisition signal goes through ze ro at a = ± a
m a x . The condition for continuing 

in t r ack mode should be that e i ther | V 0 j or | V | be l a rge r than a p r e d e t e r 

mined threshold. 

The present conclusion is that a suitable acquisit ion signal can be obtained 

by selectively amplifying the 2co component of the photosignal, and that the 

magnitude of the second harmonic component is large enough to ensure a useful 

s ignal- to-noise level provided the s tar is br ight enough to t r a c k in the control 

signal channel. The magnitude of the 2 w signal is proport ional to I a t null, 

and therefore can be used for an intensity gate if des i red . Calibrat ion of such 

an intensity gate would r equ i r e that the modulator drive be held constant, and 

would depend on the photodetector responsivi ty . 
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By using appropr ia te logic c i r cu i t ry the angular ra te for acquisit ion can 

be extended to ±2 a m a x in a very s imple manner . To do so, the condition that 

either I V a I or I V I is l a rge r than a p r e s e t threshold level should command a 

t r ack mode. 

V. FIELD OF VIEW CONSTRAINTS 

Background and Objectives 

Severa l ' fac tors that influence the field-of-view of the EODS a re d iscussed 

in this section. Resul ts a r e given in graphical form useful for designing an 

EODS type sensor for a specific application. Several conclusions a r e sum

mar ized at the end of this sect ion. 

There a r e a number of optical const ra in ts in the EODS field-of-view, all 

tending to r e s t r i c t the max imum field-of-view that can be obtained. On the 

other hand, no optical r e s t r i c t i ons a re apparent that set a lower l imit on field-

of-view. We as sume that diffraction effects can be neglected, a resonable 

assumption if the angular field is l a r g e r than a few a r c seconds. 

The factors which would prevent decreas ing the field-of-view, thus 

increasing the pointing prec i s ion without l imit a r e sys tems considerat ions 

ra ther than optical ones. F o r example, the control loop in which the EODS 

sensor is an element will r e q u i r e an input over a cer ta in angular range to 

pe r fo rm proper ly . Acquisit ion dynamics also demand a finite angular range, 

and the problems of exact pointing of an individual sensor in the c ros s axis 

direct ion requ i re a cer ta in field-of-view in that direction. These factors can 

be evaluated quantitatively only in t e r m s of a specific application, so the 

following discussion will be in genera l t e r m s . The factors to be t r ea ted include 

geometr ica l constra ints assoc ia ted with collecting light from a la rge ape r tu re 

onto a small detector , optical anisotropy of the modulating element, and 

second-order effects re la t ing to the c r o s s - a x i s angular field. 
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The re la t ion between the thickness of the DWP-compensa tor pair and the 

angular range a of the EODS will also be reviewed because it t ies in 

closely with the field-of-view question. The quantity a is determined by 

the DWP and compensator only. Its evaluation was d i scussed in detail in 

re fe rence 1 and numer ica l r e su l t s were given in figure 5 of re fe rence 1 for 

ADP, calci te and quar tz . Note that it was 2 m a x that was plotted in r e f e r 

ence 1. Table II p resen ts numer ica l values for a for \ = 0.55 as a 

function of DWP thickness for different values of 9, the angle between the DWP 

optic axis and the sensor ax is , and An, the natura l b i refr ingence of the DWP 

ma te r i a l . 

The angular field-of-view will be defined as the max imum off-axis angle 

at which the re fe rence source can be seen by the EODS. The angular field 

would typically be defined by a field stop or the equivalent in the l ight-collecting 

optics. The field-of-view in the sensit ive direct ion, ap can be different than 

the field in the c r o s s direct ion, Pf, and in fact, the two can be chosen inde

pendently. The angular range , measured by a , is independent of both a* 

and &* but, as we have seen in Section III, we would choose a. = 2a 
r l ' f max. 

Geometr ica l Const ra in ts 

The geometry re la ted to collecting light onto a smal l detector will be con

s idered f i rs t . Basical ly , attempting to collect light with a la rge ape r tu re over 

a l a rge angular field onto a smal l detector a r e a is a contradic tory requ i rement . 

This i s a well-known trade-off and is not tied specifically to the EODS concept. 

Numer ica l r e su l t s specific to EODS will be presen ted h e r e . 

F igu re 13 is a sketch showing the per t inent geomet ry in which a field stop 

and field lens is used. This approach e l iminates any effect that spatial non-

uniformity of the detector a r ea might have on the sensor operation. ot£ (or Pf) 

is the angle between the sensor axis and the edge of the allowable field. The 

p a r a m e t e r s d and b would normal ly be specified by other cons idera t ions ; d 

being the ape r tu re requ i red to collect the des i red light flux, and b being the 
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TABLE II - ANGULAR RANGE <* AS A 
FUNCTION OF DWP THICKNESS 

FOR VARIOUS VALUES OF An AND 9 

X= Oi 55|JL is a ssumed, as 
given in degrees . 

t 
m m 

0. 5 

1. 0 

1. 5 

2. 0 

5. 0 

10. 0 

An 
9 = 45 

2. .36 

1. 18 

0. 78 

0. 59 

0. 23 

0. 118 

= 0. 01 
9 = 80 

6. 90 

3.45 

2. 28 

1. 72 

0. 67 

0. 34 

is an average wave-pla te index of 1. 

An = 0. 05 
9 = 45 9 = 80 

0.47 

0. 23 

0. 15 

0. 118 

0. 047 

0. 023 

1. 37 

0. 67 

0.43 

0. 34 

0. 14 

0. 067 

An 
9 = 45 

0. 23 

0. 118 

0. 078 

0. 059 

0. 023 

0. 012 

= 0. 10 
9 = 80 

0. 67 

0. 34 

0. 23 

0. 17 

0. 067 

0. 035 

5 5- ffmaxis 

An 
9 = 45 

0. 118 

0. 059 

0. 039 

0. 029 

0. 011 

0. 0059 

= 0. 20 
9 = 80 

0. 345 

0. 172 

0. 114 

0. 084 

0. 035 

0. 0172 

d iameter of the detector sensi t ive a rea . In addition, fj represen t ing the 

angular ape r tu re of the field l ens , mus t be within reasonable l imi ts . The 

quantit ies shown in the figure a r e in te r re la t ed by simple geomet r ica l con

s idera t ions , such that the express ion 

bta-n u. 
6 

tan a * = (3) 

may be der ived. Note that h, F , and X do not enter , and there fore may be 

chosen independently. 

A number of curves a r e presen ted giving numer ica l values for the impor 

tant p a r a m e t e r s in different combinations. If this detail is not of immedia te 

in te res t , the graphs may be skipped over, because the r e su l t s a r e summar ized 

l a te r . F igure 14 shows a^ and F plotted against b, the detector d iamete r . 
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Representa t ive numbers were used for the collecting ape r tu r e d, the field 

lens focal length fr and field lens angular ape r tu re fj. . The same data a r e 

presented in somewhat different form in F igure 15, 16, and 17, by plotting a£ 

and F versus d, the d iameter of the collecting ape r tu re . 

Similar r e su l t s will be obtained if the field lens is el iminated and the 

detector i tself used as the field stop. If th is approach is taken, ei ther an 

appropr ia te ly dimensioned rec tangular detector or a field stop placed as close 

as possible to the detector would be n e c e s s a r y to define a specified rec tangular 

field. The geometry is shown in figure 18. Here \±e r e f e r s to the angular 

ape r tu re of the objective lens as seen by the detector , fj. thus m e a s u r e s the 

speed of the objective lens . The express ion 5-1 for tan <i£ is also obtained for 

this case . 

The curves in figure 14 relat ing ar to b and those in F igures 15, 16, and 

17 rela t ing a^ to d a r e the re fore valid for ei ther the field lens or objective only 

configuration. The values for F apply only to the field lens case . For the 

objective only set up, the objective focal length is given by 

F = o-r-^ (4) 
2 tan u. v ' 

' e 

If the d iameter of the detector is 1 m m and the objective is 50 m m in dia

m e t e r , a field lens with p-e = 45° (NA = 0. 7) and focal length 10 m m would yield 

a 1. 1° half angle field-of-view and an objective focal length of 500 mm. A 

smal le r ape r tu re or a l a r g e r detector would i nc r ea se the accepted field 

proport ionately. 

Without a field lens , a 25 m m focal length, f/0. 5 lens would be requi red . 

A photomultiplier would be a more useful a l te rnat ive in the objective-only 

configuration. In this case , d = 1. 0 cm, b = 1 cm, and ar (or (3f) could be 15° 

with f/2 optics. Note that the field angle oi£ will be propor t ional to tan \i , if all 
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other quantities r ema in the same. Thus, field-of-view i s coupled with the 

speed of the collecting optics , l a rge field requir ing a fast lens . 

Modulator Field-of View 

A second and independent const ra in t is introduced by the KDP modulator 

element. Since the modulator is itself an anisotropic optical element , it 

introduces a re ta rda t ion for r a y s inclined to the sensor axis . As a resu l t , the 

fringe pattern produced by the DSM as a whole is a l t e red . It is therefore 

necessa ry to l imit the angular field, a^, (3., to values for which the added 

re tardat ion of the modulator is a smal l per turbat ion. 

Manufacturers of KDP modulator e lements often quote an angular field, 

one common definition being the angle at which the light leak between c rossed 

polaroids becomes 1 percent . This angle can be computed using the approach 

of reference 1. 

The effective ex t raord inary index for a wave normal at an angle a from 

the axis in a c rys ta l is given by 

(5) 
2 

= 
1 + 

2 
n e 

2 / 2 cos aln \ e 

n 

- n 
0 

2 
o 

, 2 ) 

from reference 1. The quantit ies n e , nQ a r e the pr incipal indices of the 

crys ta l . The t r ansmi t t ed intensity between c rossed polaro ids , I, is given by 

I = I s in 2 - f (6) 
o 2 

where F is the re ta rda t ion and I the incident flux. Therefore , if i / l = 0. 01, 
° o 
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F m u s t be 0. 2. Since the re ta rda t ion of the DWP is TT/2 when a = a m a x , the 

added re ta rda t ion r = 0. 2 i s smal l , and r e p r e s e n t s a reasonab le , though 

a r b i t r a r y , choice for the l a rges t allowable per turbat ion. r = 0. 2 would dis tor t 

the DSM fringe pa t te rn by roughly 10 percent . 

The re ta rda t ion of the modulator plate (no applied voltage) is (ref. 1) 

T = 2Tr t (n(9) - n ) (7) 
X. cos 6 o' 

n(9) being the effective ex t raord inary index at the angle 9 given by eq. (5). 

Correct ing for the difference in wavefront orientat ion external to the modulator 

plate , and using eq. (5), (7) one can compute the angle <X£ corresponding to any 

re ta rda t ion T. The r e su l t is 

°f = pf = = i£k ^ 

n is an average index n « nQ » n . a^ is plotted in figure 19 for KDP as a 

function of t, the modulator th ickness . 

The angle otf or (3£ r e p r e s e n t s a maximum angular field of view. Subject to 

the const ra int that the pass ive re ta rda t ion of the modulator be l ess than 0. 2. 

It can be seen that for t = 2 m m and T = 0. 2, otf = 1. 2° , which is compatible 

with the 1. 1° derived e a r l i e r f rom geometr ica l considerat ions . 

Considerably l a r g e r angles , say, corresponding to a 10 percent leak, 

could be used at the cost of some distort ion in the output signal t ransfe r function 

and some c r o s s coupling. Both effects a r e constant and predic table . T h e r e is 

a smal l curva ture of the fringes produced by the DSM, which is reflected as 

a cross-coupl ing over an extended angle (3 normal to the sensi t ive direction. 

Correc t ion of this curva ture has been observed empir ica l ly from a propitious 

combination of the angular re ta rda t ion functions of the DWP and modulator . 
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The smal l re ta rda t ion of the modulator , increas ing quadrat ical ly with |3, can 

combine subtract ively with the second order r e ta rda t ion of the DWP along the 

null axis (a = 0). By proper choice of m a t e r i a l s and dimensions of al l e lements 

of the DSM, we feel it is possible to operate with negligible cross-coupl ing over 

a considerably l a rge r angle than the (3 =; 1° calculated above. However, no 

detailed work has been done on this point. Though straightfoward, calculation 

of the re ta rda t ion function over a two-dimensioned range of a and (3 would have 

to be done numerica l ly by computer because of a lgebra ic complexity. 

Summary 

In summary , for a so l id-s ta te detector configuration, a field-of-view 

(center to edge) of a l i t t le m o r e than 1° or any sma l l e r value can be easi ly 

designed for. This l imitat ion applies both the the sensi t ive direct ion and p e r 

pendicular to it, but the actual field angles can be chosen independently; for 

example, a f = 0. 1°, (3f = 1. 0° , or a f = 1. 0°, (3f = 0. 1°. 

If it is nece s sa ry to r each a l a rge r angular field, some inc rease could be 

obtained with the same genera l configuration. F o r example, if the modulator 

were made 1 m m thick, a difficult but not impossible fabrication problem, and 

if dis tort ion of the DSM fringe pa t te rn is allowable so that T = 0. 4 (10 percen t 

leak) defines the field l imitat ion, a field half-angle of 3. 1° could be reached. 

A very fast field lens (N. A. 0. 7 or bet ter) and a 2. 5 m m diameter detector 

would be necessa ry . 

To reach a field of view of g rea te r than 3°, a different approach would be 

taken. Use of a photomultiplier r emoves the geomet r ica l l ight-gather ing con

s t ra in t d iscussed above because of i ts l a rge a r e a and the fact that smal le r 

collecting ape r tu re will do the same job. If the modulator i s then el iminated by 

incorporat ing the p iezoelec t r ica l ly driven, mechanical ly tuned ADP direct ional 

wave plate, an approach that i s descr ibed in Section VII below, then the modula

tor field-of-view is completely el iminated as a constraint . Since the minimum 

reasonable DWP thickness i s ~ 1 m m for ADP, an a_„_,, < 0. 6° i s obtained 

(ref. 1). Thus, c*£ in the sensi t ive di rect ion would be 1. 2° . There fo re , a field 

ot£ 1.2° by (3£ = 10° (an a r b i t r a r i l y chosen number) could be reached. If a DWP 

modulator could be made of quar tz , mechanical ly tuned and dr iven in the same 
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manner as the ADP, then a = 5°; af = 10° becomes possible , together with 

fir = 10 as mentioned previously. Alternat ively, the s t r e s sed -p l a t e modulators 

descr ibed in Section VII a r e themselves isotropic and therefore have no defined 

field-of-view limitation. The use of this type of modulator and quartz DWP and 

compensator would pe rmi t 10° x 10° fields to be accommodated. 

VI. STRAY LIGHT 

Background and Objectives 

The effect of s t r ay light on the sensor response is d iscussed in this sect ion. 

Two cases a re t rea ted; light sca t t e red onto the EODS detector from outside of 

its geometr ica l ly defined field-of-view, and light from sources other than the 

reference s t a r within the field-of-view. 

The investigation of effects from sca t te red light was a purely empir ica l 

study done in the l abora tory using the breadboard senso r . The resul ts a re 

qualitative in nature , and should be taken as an o rde r of magnitude indication of 

the s t r ay l ight i l lumination level at the entrance aper tu re that is to le rab le . 

They form a bas is for defining the effectiveness of the baffling that a prototype 

sensor would r e q u i r e . Evaluation of the effect of a spurious source within the 

field -of -view is s t ra ightforward and was done analytically. 

Results 

The EODS labora tory breadboard was set up such that the polar izer was 

in the plane of the entrance ape r tu re . A white light projector i l luminated the 

entrance aper tu re from the side at an angle Y as shown in figure 20. The 

i l lumination fell d i rect ly onto the polaroid ma te r i a l of the polarizing element 

of the DSM. The angle Y was var iable , from 30° to 80°. The i l luminance on 

a white surface at right angles to the direct ion of i l lumination located at the 

EODS entrance aper ture was measu red with a photometer . Light was not p e r 

mitted to enter the EODS other than through the entrance ape r tu re . The sensor 

was operated on a s imulated s t a r of intensity such that a typical s ignal - to-noise 

ra t io was obtained ( ~ 3 0 ) . 
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The resul t ing change in the noise level and null position of the sensor were 

then observed as a function of i l lumination level and direct ion. The detailed 

data a r e not presented because the r e su l t s would be expected to be sensi t ive to 

the exact mechanical configuration of the sensor pa r t s and also i ts surroundings 

in the labora tory . The observed effect on the sensor output r e su l t s from very 

small amounts of light sca t te red to the detector by the optical e lements or by 

the surrounding pa r t s . 

The EODS was set up in both the HP4207 so l id-s ta te detector and the 

EMI 9536B photomultiplier configurations. Not surpr is ingly, the resu l t s 

differed. The c loser the s t r ay light direct ion approached the axis, the l a r g e r 

its effect. The p r imary per turbat ion using the HP 4207 detector was a nu l l -

shift, while for the EMI 9536B, it was an inc rease in noise leve l . R e p r e s e n t a 

tive numbers a re given in Table III for i l lumination of the entrance aper tu re 

from 45° to the axis . 

The effect of a secondary source within the geometr ica l field can be ca lcu

lated by superimposing the outputs for the re ference source and the spurious 

one. If the secondary source is a s ta r , it is convenient to express the two 

signals in a normal ized form: Fo r a point source of a r b i t r a r y intensity 1^; 

I V 
„ S ref . -rr / a \ ,o\ 
VS = — T S m 2 a ( 9 ) 

ref \ m a x / where 

Vj, is the sensor output; 

I f is the intensity of the re ference object; that i s , the s t a r being 

t racked; 

V , is the maximum, ha rd -ove r sensor output if observing the 

reference object only. 
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To evaluate the angular null shift result ing from the p resence of a secondary 

s t a r of intensi ty I , let this angle be 6a. The quantity 6a was evaluated by 

equating the EODS output for the secondary source to the output result ing from 

the reference at the angle 6a. The resu l t is 

—&2- = l - T ^ - s i n f ft? - ) (10) 
a ir I. , 2 \ u max / x 

max ref 

a r ep re sen t s the position of the secondary source m e a s u r e d from the r e f e r -

ence s t a r posit ion. I ts coordinate in the c r o s s axis or p direct ion is i r r e l evan t . 

The e r r o r angle 6a from eq. (10) is plotted in figure 21 as a function of 

I / I and a c . S ref S 

A second case is l ikely to be encountered, that of a diffuse but nonuniform 

source , such as the Milky Way. The continuous source can be descr ibed by an 

intensity I(a, (3) depending on the direction, specified by angles a and p . The 

output from the dis tr ibut ion I is an express ion s i m i l a r to eq. (9). 

Vs = Jf I ( a , P ) V 0 s i n f ^ - da dP 

field m a X 

Following a p rocedure analogous to the one used to a r r i ve at eq. (10), and 

after some manipulation, one obtains 

A a 
4 a p , 

max "i 

2 1 

S - A 2 I „ . 
"""ref "-Z "-1 

I I I(x> y) s i n - r - x d x d y (12) 

x, y a r e d imensionless integrat ion var iab les replacing a and p, respec t ive ly . 

They a re scaled such that x = 1 when a = a and y = 1 at p . . The field of 
max ' ' l 

view is assumed to be rectangular , a- = 2a by p „ The dis tr ibuted in ten-
sity I is to be in te rp re ted as the intensity per unit solid angle and A rep resen t s 
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the unit se lec ted . F o r example, I(x, y) could be given in t e r m s of l u m e n s / c m 

at the entrance aper tu re received from one square degree of sky in direct ion 

x, y. In this case , A would be 1° or 0.01745 rad . I , is the i l lumination by 

the reference s t a r and its units a re to be compatible with I. 

In agreement with one's intuition, the express ion 6-4 shows that the influ

ence of a given distr ibution of light should be proport ional to the total g e o m e t r i 

cal field-of-view accepted by the sensor , 2 a {5f. The magnitude of the 
1X1 cLX I 

in tegral is not as easi ly visualized, but would be l a r g e s t when the diffuse lumin

ance is confined to one side of the reference, around the angle where the sensor 

output is l a rge , at a = a . I n this situation, the offset of the null would be 

comparable in magnitude but never worse than the effect of a s t a r located at 

a c » a , and having intensity equal to the in tegra ted intensi ty of the diffuse 
source over the sensor field-of-view. 

TABLE III.- THE EFFECT OF OUT-OF-FIELD SCATTERED LIGHT 
EODS LABORATORY BREADBOARD 

Detector 

9536B 

4207 

Illumination at 45° 
in t e r m s of 

Reference Star 

6 x 105 

0.9 x 108 

Null 
Shift 

0 

0. 1 a 
max 

Noise 
Inc rease 
Fac tor 

2.0 

1.9 
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VII. TUNED MODULATOR DEVELOPMENT 

Background and Objectives 

The p r i m a r y objective of this portion of the work was to demons t ra te a 

technique for increas ing the efficiency of the EODS light modulator by mechan

ically resonating the modulating element at the drive frequency. Without such 

techniques, the bes t modulator available is the longitudinal KDP (potassium 

dihydrogen phosphate) type, using the deuterated form, usually designated 

KD*P. KD*P is c lear , and can be fabricated into a thin, l a rge ape r tu re 

modulator plate . 

The half-wave voltage of KD*P is 3.2 kV. In t e r m s of the EODS appl ica

tion, a sinuosoidal drive of approximately 1000 V RMS is requi red for the 

KD*P pla te . This voltage requ i rement is a constant, independent of the modu

la tor d imensions . Modulators with much lower half-wave voltage can be made 

from other ma te r i a l s ( e . g . , LiTaOj and severa l niobates), but these ma te r i a l s 

do not lend themselves to incorporat ion into a thin plate modulator of 1 cm or 

l a r g e r ape r tu re . 

There were two motivations for our investigation of mechanical tuning: 

lowering the drive voltage requirement , and eliminating the off-axis stat ic 

birefr ingence of the modulator . 

Although the 1000 V rms sinuosoidal drive is not difficult to obtain, one 

would prefer to work at lower vol tages . In general , excitation of an appropr ia te 

vibrational mode will have the potential of increas ing the optical response by a 

factor on the o rde r of the mechanical Q of the resonance . Additionally, the use 

of mechanical tuning permi t s ent i rely different approaches to be made to the 

modulation function. These el iminate the modulator c rys ta l and with it, the 

perturbat ion to the action of the DWP caused by i ts own stat ic b i ref r ingence . 

Several references in the l i t e r a t u r e examine the question of resonant effects 

in an e lec t ro-opt ic or bi refr ingence modulator and should be consulted for 

background. Both resonance in e lec t ro-opt ic c rys ta l s (ref. 3) and pure s t r e s s -

optic effects (ref. 4) a re d i scussed . 
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Several approaches were init ially considered, including: (1) Resonating 

a KD*P modulator by adjustment of dr ive frequency to the proper value; (2) The 

use of high-Q quar tz c rys ta l elements as modula to rs ; (3) External p iezo-e lec t r ic 

dr ive of a pass ive optical element; (4) Combination of DWP and modulator func

tions into one resonated optical e lement . 

Approaches (3) and (4) w e r e the mos t l ikely to yield favorable resu l t s , and 

exper imental invest igat ions of these two ideas were conducted. These expe r i 

ments a re d i scussed separa te ly below. 

P i ezo -E lec t r i c a l l y Driven S t r e s s e d - P l a t e Modulators 

Pr inc ip le of operat ion. —When a light source is observed through a pair 

of c ro s sed po la r i ze r s with a normal ly isotropic t r a n s pa re n t ma te r i a l inse r ted 

between the po l a r i ze r s , the extinction will be des t royed if the isotropic m a t e 

rial becomes s t ra ined . If the s t ra in is t ime-dependent , then the ma te r i a l 

exhibits t ime-vary ing bi refr ingence and modulates the intensi ty of the t r a n s 

mit ted light at the frequency of the induced s t ra in , jus t as an e lec t ro-opt ic 

modulator would. A s t r e s s e d - p l a t e modulator can ut i l ize this birefr ingence 

effect by mechanical ly s t r e s s i n g an optically i so t ropic modulator e lement in 

response to an applied excitation voltage. The t ransformat ion of an applied 

voltage to a proport ional mechanical s t r e s s is accomplished by p iezo-e lec t r i c 

t r ansduce r s of lead z i rcona te - lead t i tanate (PZT) c e r a m i c . The ent i re modu

l a to r s t ruc tu re is dr iven in a fundamental extensional resonance mode, thereby 

minimizing the requ i red driving voltage. The optical re ta rda t ion of the plate is 

proport ional to the s t r e s s , a response called the s t r e s s - o p t i c or piezo-optic 

effect. 

In the s t r e s s e d - p l a t e modulator, the active e lement can be any t r anspa ren t 

ma te r i a l ; g lass and severa l types of epoxy casting res ins were chosen. The 

re tarda t ion of a plate will depend upon the s t r e s s - o p t i c constants of the m a t e 

r ial selected, the thickness of the element, and the applied s t r e s s along the 

selected axis . The s t r e s s is of extensional form (compress ional or tensional) 

along that axis, not s h e a r . The des i red vibrat ional mode is the fundamental 

extensional mode of the en t i re s t ruc tu re along its length (X direct ion in fig. 22). 

48 J P L Technical Memorandum 33-598 



H
 

o
 

O
 

P
 

CD
 3 o
 

H
 P
 i oo
 

D
R

IV
IN

G
 

/^
*

\ 
2

in
 

S
O

U
R

C
E

!^
; 

M
O

D
U

LA
TO

R
 E

LE
M

E
N

T
 

•l
/4

in
 

4 
7$

 

3i
n 

Y
 

3
/4

in
 

N
 

H
 B

R
A

S
S

 E
N

D
 

LO
A

D
IN

G
 W

EI
G

H
T

 

y 
3

/4
in

 

P
ZT

 T
R

AN
SD

U
C

ER
 

F
ig

u
re

 
2

2
. 

P
ie

zo
el

ec
tr

ic
 

S
tr

e
ss

e
d

-P
la

te
 

M
o

d
u

la
to

r 



The par t ic le motions a r e all in the X direction, with a maximum velocity at the 

ends of the b a r and with a node at i ts cen te r . The corresponding s t r e s s pat tern 

depends only on X, being constant in the Y and Z d i rec t ions . The magnitude of 

the s t ra in exhibits a broad maximum around the center of the b a r . In a uniform 

bar , the s t r a in amplitude would be a half cycle of a sinuosoid, but it is 

broadened by the p resence of the end loading. 

The overal l efficiency of the s t r e s s e d - p l a t e modulator will also depend 

upon achieving good e lec t romechanica l coupling between the P Z T driving wafers 

and the vibrat ional mode they exci te . F u r t h e r i n c r e a s e s in efficiency will 

r e su l t from i n c r e a s e s in the mechanical "Q" of the modulator assembly . Care 

was taken to min imize the mechanical l o s s e s of the exper imental s t r e s s e d 

plate modulator, and to obtain effective coupling to the t r a n s d u c e r s . Time did 

not pe rmi t a detailed and quantitative acoustical design; but the p resen t resu l t s 

a re r ep resen ta t ive . F u r t h e r optimization should be possible, but a l a rge 

i n c r e a s e in overal l per formance is not l ikely. 

Construct ion details.— The configuration of the p iezo-e lec t r ica l ly -dr iven 

s t r e s s e d - p l a t e modula tor is shown in figure 22. The ends of the s t r e s s e d plate 

a re loaded by means of the P Z T t r ansduce r s and b r a s s weights . E lec t r ica l 

excitation is applied to the P Z T t r ansduce r s in pa ra l l e l . The P Z T t r ansduce r s 

operate in a thickness expansion mode and provide an induced s t ra in along the 

length of the s t r e s s e d plate modulator e lement . The b r a s s end-weights provide 

a means of modifying the coupling between P Z T element and the des i red mode 

of the complete modula tor s t r u c t u r e . Adjustment of the coupling was accom

plished by modifying the end-weights . Li t t le effect was observed in response 

to this var ia t ion . 

The p iezo-e lec t r i c t r an sduce r m a t e r i a l used was P Z T - 4 ce ramic , operating 

in a thickness expansion mode in response to an excitation field d i rec ted normal 

to the surfaces of the wafer . The p iezo-e lec t r i c constant in this mode is 

-246 x lO"!^ me te r /vo l t , a value which is l a r g e compared to that of other 

p iezo-e lec t r i c m a t e r i a l s . This pa r t i cu la r P Z T ce ramic is frequently used in 

high-power acoustical t r an sduce r applications because of its high res i s tance to 

depolarizat ion and i ts low die lec t r ic and mechanical l o s s e s . 
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Assembly of the modulator s t ruc tu re was accomplished by cementing the 

b r a s s end-weights, P Z T - 4 t r ansduce r s , and modulator element together with 

EPON 828 bonding agent. Type D curing agent was used in a volume proport ion 

of 10 percent . The completed s t ruc tu re was mechanical ly rugged and no diffi

culties were experienced with any of the bonded surfaces during evaluation. A 

photograph of two s t r e s s e d plate modula tors is shown in figure 23 . The sma l l e r 

one was incorpora ted into the lab b readboard EODS sensor for demonstra t ion. 

Exper imenta l configuration.— The s t r e s s e d - p l a t e modulator was e l e c t r i 

cally driven over a range of frequencies of from 5 Hz to 500 kHz at a level of 

10 volts peak- to-peak . Once the fundamental mode resonance had been located, 

a constant dr ive of 80 volts peak- to-peak was maintained throughout the t e s t s . 

The drive voltage was applied in para l le l to the two p iezo-e lec t r ic t r a n s d u c e r s . 

The modulator was supported by two rubber i so la tors placed central ly 

along the length of the modulator assembly, nea r the central node of the v i b r a 

tion pat tern . Constraining the modulator e lement in this fashion permi t ted the 

ends to move freely and did not in te r fe re with the natural resonances of the 

driven s t r u c t u r e . A coll imated light beam having a d iamete r of approximately 

0.2 cm was bandpass f i l tered at 5461 A and passed through a polarizing element 

before falling at normal incidence upon the s t r e s s e d - p l a t e modulator . The co l 

l imated light beam was subsequently passed through a Babinet compensator , a 

quar te r -wave plate, and finally an analyzer . Detection of the t ransmi t ted light 

flux Was accomplished by means of a photomult ipl ier operating at approximately 

800 vol t s . F igure 24 shows the optical configuration used for the s t r e s s e d -

plate modulator t e s t s . The axes of the po la r i ze r were located at 45° to the 

long (X) axis of the modulator . 

The p re t e s t setup and adjustment consis ted of init ially obtaining the bes t 

extinction between c r o s s e d po la r i ze r s by means of compensator adjustments, 

thus optically compensating for res idual s t ra ins within the s t r e s sed -p l a t e 

modulator e lement . The qua r t e r -wave plate was then inse r t ed to shift the 

modulator operating point to the point of maximum slope of its l ight t r ans fe r 

curve, and e lec t r ica l excitation was applied to the p iezo-e lec t r i c t r a n s d u c e r s . 

The result ing modulation of the l ight beam was detected by the photomultiplier 
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and displayed by an osc i l loscope. Measurements of modulation amplitude were 

made from the displayed oscil loscope t r a c e s . 

Exper imenta l r e s u l t s . 

1. Glass s t r e s s e d - p l a t e modulator 

A glass s t r e s s e d - p l a t e modulator was fabricated with the dimensions 

shown in figure 22 and a m e a s u r e d thickness of 0. 381 inches . Initial 

tes t s were made to locate the mechanical resonant frequencies over 

a frequency range extending up to 500 kHz. Mechanical resonances 

were identified by driving one end of the modulator s t ruc tu re and 

observing the energy coupled to the other end by means of the p iezo

e lec t r ic t r a n s d u c e r s . A constant dr ive voltage of 10 volts peak - to -

peak was used during the resonant sweep. 

The resu l t s of the resonance sweep a re shown in figure 25. The f r e 

quency and amplitude of each resonant peak a re plotted. The funda

mental mode resonance was identified at 38. 1 kHz. F igures 26, 27, 

and 28 show the optical modulation depth as a function of position 

along the length of the modulator plate obtained in the fundamental 

vibrat ional mode for th ree different end-dr ive conditions. F i g 

u re 26 is connected for additive dr ive contributions from the two 

t r a n s d u c e r s . F igure 27 is for subtrac t ive drive, that i s , with the 

polari ty of one t r ansduce r r eve r sed with respec t to the other . The 

fact that effective modulation is obtained in this connection indicates 

a l a r g e acoustic a symmet ry or unbalance in the modulator s t r uc tu r e . 

F igu re 28 is the corresponding curve for drive applied to one t r a n s 

ducer only. Modulation depth of approximately 20 percent is ind i 

cated in the center region of the s t r e s s e d - p l a t e , with both t r a n s 

ducers adding. 

The mechanical Q of the fundamental mode was measu red to be 

approximately 126. This value of mechanical Q was the highest 

exhibited by any of the other s t ruc tu re s tes ted and r ep resen t s an 

efficient modulator s t ruc tu re in view of its modulation efficiency of 
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20 percent at 80 V peak- to-peak sinuosoidal d r ive . The experimental 

modulation depth nea r resonance is shown graphical ly in figure 29 

as a function of frequency, exhibiting the width of the resonance 

curve . The mechanical Q was determined from this data. 

2. Casting res in s t r e s s e d - p l a t e modulators 

Borrowing from the techniques used in photo elast ici ty, the use of 

severa l plast ic m a t e r i a l s as s t r e s sed -p l a t e modulators was explored. 

Photoelas t ic techniques a r e used to evaluate s t r e s s levels in complex 

s t ruc tu res by construct ing scale models of them in t r anspa ren t p l a s 

t ic m a t e r i a l s and observing the i r birefr ingence under load. A num

b e r of res ins have been identified in this field as having l a rge s t r e s s -

optical coefficients. One of these is the Araldite 6060 (ref. 5) m e n 

tioned below. However, other res ins not used in photoelastic 

HAPOL-1300-1E (ref. 6) and Abelstik (ref. 7), we re equally effec

tive and were c l ea r and co lor less , unlike the Araldi te r e s in . A 

number of cast ings were made from severa l ma te r i a l s for evaluation 

of the s t r e s s e d plate concept. Table IV s u m m a r i z e s the castings 

and the m e a s u r e m e n t s obtained from them. 

A s t r e s s e d - p l a t e modulator was fabricated of HAPOL-1300-IE c a s t 

ing res in with the dimensions shown in F igure 22, and a thickness 

of 0.425 inches . Our s t r e s sed -p l a t e e lement had res idual s t ra ins 

resul t ing from the cast ing p r o c e s s . Care was taken to compensate 

these res idual s t ra ins optically at each point p r io r to any m e a s u r e 

ment . The fundamental mode of the mounted s t ruc tu re was ident i 

fied at 2. 84 kHz using the same procedures descr ibed above for the 

glass plate . The resu l t s of the resonance sweep a re shown in fig

ure 30, and the resonant profile of the optical modulation depth is 

shown in figure 31 . 

The m e a s u r e d mechanical Q of this modulator was 43. The optical 

modulation depth was near ly constant along the length of the 

s t r e s s e d - p l a t e element, as shown in figure 32. Modulation efficiency 
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w a s m e a s u r e d as a p p r o x i m a t e l y 17 p e r c e n t , r o u g h l y the s a m e as 

w a s m e a s u r e d for the g l a s s s t r e s s e d - p i a te m o d u l a t o r at t he s a m e 

d r i v e v o l t a g e . 

The effects of modi fy ing the e n d - w e i g h t s on r e s o n a n t f r equency , 

m e c h a n i c a l Q, and m o d u l a t i o n depth, w e r e i n v e s t i g a t e d u s ing th i s 

m o d u l a t o r . E n d - w e i g h t i n c r e m e n t s of 35 g r a m s w e r e added to e a c h 

end and the m o d u l a t o r w a s t hen t e s t e d . The r e s o n a n t f r e q u e n c y 

d e p e n d e d on load ing , as expec ted , b u t the m e c h a n i c a l Q r e m a i n e d 

r e l a t i v e l y u n c h a n g e d . The m o d u l a t i o n dep th w a s unaf fec ted by 

c h a n g e s in the e n d - l o a d i n g . The r e s u l t s of t h e s e t e s t s a r e shown 

in f i g u r e s 33 and 34 . 

A s e c o n d p l a s t i c s t r e s s e d - p l a t e m o d u l a t o r hav ing a t h i c k n e s s of 

0 . 4 9 i n c h e s w a s f a b r i c a t e d p e r f i gu re 22 u s i n g A r a l d i t e 6060 c a s t i n g 

r e s i n . The A r a l d i t e 6060 s t r e s s e d - p l a t e e l e m e n t w a s a l s o found to 

con ta in r e s i d u a l s t r a i n s i n d u c e d du r ing the c a s t i n g p r o c e s s . R e s i d 

ua l s t r a i n s w e r e s i m i l a r l y c o m p e n s a t e d p r i o r to any m e a s u r e m e n t s . 

The fundamen ta l m o d e r e s o n a n c e w a s l o c a t e d at 2 . 5 1 kHz and the 

m e c h a n i c a l Q w a s m e a s u r e d to be 2 3 . The m o d u l a t i o n ef f ic iency 

w a s 6 p e r c e n t in the c e n t e r of the s t r e s s e d - p l a t e and d e c r e a s e d 

r a p i d l y o f f - c e n t e r . I t s u t i l i t y as a s t r e s s e d - p l a t e m o d u l a t o r w a s 

f u r t h e r d e g r a d e d by the h i g h e r op t i ca l a t t e n u a t i o n of the y e l l o w i s h 

A r a l d i t e 6060 m a t e r i a l . It w a s j udged t h a t t he H A P O L - 1 3 0 0 - I E w a s 

a f a r m o r e s a t i s f a c t o r y m a t e r i a l for u s e as a s t r e s s e d - p l a t e 

m o d u l a t o r . 

A t h i r d p l a s t i c s t r e s s e d - p l a t e m o d u l a t o r w a s f a b r i c a t e d f r o m 

L u c i t e hav ing the n o m i n a l d i m e n s i o n s shown in f i gu re 2 2 . The 

t h i c k n e s s of the L u c i t e p l a t e w a s 0 . 5 i n c h e s . The bonding agen t 

u s e d to a t t a c h t h e P Z T - 4 t r a n s d u c e r s w a s ARON A L P H A N o . 102 

(ref . 8) b e c a u s e the E P O N 828 would not a d h e r e p r o p e r l y to the 

L u c i t e m a t e r i a l . The L u c i t e s t r e s s e d - p l a t e c o n t a i n e d r e l a t i v e l y 

s m a l l r e s i d u a l s t r a i n s w h i c h a l s o w e r e op t i ca l l y c o m p e n s a t e d p r i o r 

to any m e a s u r e m e n t s . 
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The fundamental resonance was located at 3. 45 kHz for this 

modulator with a mechanical Q of 38. The percentage of modulation 

was m e a s u r e d as 3 percent with a peak- to-peak resonant drive of 

80 vo l t s . The percentage modulation, although comparat ively low, 

was quite uniform over the length of the s t r e s s e d - p l a t e element . 

No further tes ts were performed with the Luci te modulator because 

of its r a the r low modulation efficiency. 

Two s t r e s s e d - p l a t e modulators were fabricated in a sma l l e r s ize 

but using the s ame s t ruc tura l configuration as the previous ly-

descr ibed modula to rs . The active s t r e s s e d - p l a t e elements measu red 

1. 375 inches long by 1.0 inches high. The e lement th icknesses were 

0.505 inches . The s t r e s sed -p l a t e elements w e r e fabricated from 

HAPOL-1300-IE and Abelstik casting r e s i n s . Both ma te r i a l s a re 

optically t r anspa ren t and are readily machined and polished. 

The cha rac t e r i s t i c s of both of these s m a l l e r modulators were far 

supe r io r to the i r l a r g e r counterpar ts in t e r m s of mechanical Q and 

modulation efficiency. The HAPOL modulator exhibited a m e c h 

anical Q of 91 at a resonant frequency of 5.49 kHz. The modulation 

efficiency at the center of the s t r e s s e d - p l a t e element was measu red 

as 60 percent at resonance, at the same 80 volt peak- to-peak dr ive . 

Var ia t ions in the modulation efficiency along the length of the 

s t r e s s e d - p l a t e were found to be l e s s than 12 percen t . The Abelstik 

modulator exhibited a mechanical Q of 53 at a resonant frequency of 

5.30 kHz. The modulation efficiency was m e a s u r e d as 23 percent 

in the center of the s t r e s sed -p l a t e at resonance, with a 10 percent 

reduction in modulation efficiency at the ends of the s t r e s s e d - p l a t e . 

The smal l HAPOL s t r e s sed -p l a t e modula tor was incorpora ted into 

the EODS in place of the existing e lec t ro-opt ic modulator to evaluate 

i ts per formance in the EODS sys t em. 

The response of the EODS to a s t a r input, using the mechanic al ly-

tuned s t r e s s e d - p l a t e modulator was then de te rmined . The modulator 
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was driven at i ts resonant frequency of 5.49 kHz by an 80 volt 

peak- to-peak sine wave. Synchronous detection of the resul t ing 

EODS output signal was performed as before . The remaining e l e 

ments of the EODS were set up as during e a r l i e r t e s t s . F igu re 35 

shows the EODS output as plotted against input angle over a range 

of -2 a < a <2 a . F igure 36 is an actual r e c o r d e r plot of 
max max ° 

sensor output made by scanning the s t a r angle at a constant slow 

ra te with a mo to r . The EODS response shown in figures 35 and 

36 i l lus t ra te that sa t is factory per formance can be obtained with the 

mechanical ly- tuned s t r e s sed -p l a t e modulator while at the same t ime 

improving the efficiency of the modulation method. 

The improvements in efficiency to be obtained by using a resonant 

s t r e s s e d - p l a t e s t ruc tu re depend la rge ly upon the mechanical Q and 

modulation efficiency of the s t r u c t u r e . The obvious advantage of 

the s t r e s s e d - p l a t e is that high-voltage (1000 V rms) modulator dr ive 

is no longer requi red and the electronic c i rcu i t ry becomes s imple r 

and m o r e re l i ab le . The HAPOL modulator used in these final 

exper iments r ep resen ted an efficient but by no means optimum s t ruc

t u r e . F u r t h e r investigations would be des i rab le to optimize the 

mechanical Q and modulation efficiency of the s t r u c t u r e . Addition

ally, a physically s m a l l e r s t ruc tu re with the same c lea r ape r tu re 

would be des i rab le to minimize the s ize of an EODS optical package. 

ADP Wave P la te Modulator 

This phase of our activity was directed toward the construct ion and 

evaluation of an electroded ADP combination direct ional wave p la te-modula tor 

element . The ma te r i a l se lected was ADP ra the r than KD*P because of its 

l a r g e r e lec t romechanica l coupling. 

Considerable data exists on the cha rac te r i s t i c s of e lec t romechanica l 

coupling in ADP, because of its ear ly use as an u l t rasonic t r ansduce r (ref. 9). 

Examination of this data indicates that a plate cut with [l , 1, l] or ientat ion would 

be efficiently excited in the des i red s t r e s s pat tern by an e lec t r i c field in the 
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direct ion of i ts th ickness . The [ l , 1, 1] orientat ion places the optic axis at 

roughly 45°, so the same plate could per form as the DWP. 

Accordingly, we sought to evaluate a configuration shown in figure 37. 

The combination DWP-modulator would have i ts " c " axis at 45 , and the two 

"a" axes equally inclined as shown in the f igure. The plate was rec tangular 

with length to width rat io of roughly 1. 5 to 1 to separa te the frequencies of the 

extensional mode in the two d i rec t ions . The des i red mode would involve s t r e t c h 

ing along the longer dimension of the pla te . 

When an ac voltage is applied ac ross the plate, two effects occur . There 

will be a d i rec t e lec t ro-opt ic response , not connected with mechanical resonance . 

This response will be considerably s m a l l e r than that from a conventionally 

oriented KD*P plate. A s t r e s s optic birefr ingence induced by the e l ec t ro 

mechanical coupling of the m a t e r i a l and amplified by the resonance will be 

super imposed on the d i rec t effect. It was hoped that the combined response at 

resonance will produce a highly efficient modulator e lement . 

To tes t this hypothesis , a smal l 5 mm x 5 m m 45 cut plate was made 

up. This ADP tes t sample was mounted between NESA-coated glass plates and 

e lec t r ica l ly excited at a frequency of 500 Hz. E lec t r i ca l contact to the ADP 

sample was a s su red by glycer in wetting the contact surface of the NESA-coated 

glass support plates and the contacting ADP sur face . A qua r t e r -wave plate was 

cemented to the output side of the ADP s t ruc tu re for optical compensation —a 

substi tute for the compensator element in the EODS DSM. The completed a s s e m 

bly was held together by spring clips and mounted on an optical bench support 

f ixture. The modulator assembly was then aligned within the optical t es t con

figuration shown in figure 24. 

The fundamental resonance of the ADP tes t plate was located at 86 kHz 

with a measu red Q of 43. A driving voltage of 100 volts peak- to-peak was used. 

At this level of driving voltage, a modulation efficiency of 2 percent was 

recorded . The mechanical Q and perhaps also the modulation efficiency were 

undoubtedly affected by the viscous damping effects of the electroding method 

used. F igure 3 8 shows the resonance cha rac t e r i s t i c obtained. 
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ITEM 1 

MODULATOR 

30 ±lmm 

\y^45°±2° 
1 

3 ±0.03mm 

ITEM 2 

COMPENSATOR 

l 

I c 

25 ±lmm 
SQUARE 

: 

1.5 ±0.03mm 

Figure 37. Configuration of the ADP Combination Wave Pla te 
Modulator and its Matching Compensator . 
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The equivalent e lec t ro-opt ic constant for this ADP sample was also 

measu red at 500 Hz at driving voltage levels of 50, 100, 150, and 200 volts 

peak- to-peak . The value obtained for the effective e lec t ro-opt ic constant was 

1.32 x 10 ~4 radian per volt peak- to-peak. This constant re fe rs to the rotation 

of the plane of polarizat ion of the incident light per volt of excitation and is 

roughly one o rde r of magnitude s m a l l e r than the figure for KD*P. This sug

gests that resonance could indeed yield a highly efficient modulator . 

Although not conclusive, these resu l t s were sufficiently encouraging 

that a design specification was p repa red and a purchase o rde r placed with 

Isomet Corporat ion for an electroded ADP wave plate and compensa tor . F i g 

ure 37 i l lus t r a t e s the configuration o rde red . P r o p e r l y electroding the ADP 

mate r i a l should resu l t in higher mechanical Q and consequently a g r e a t e r modu

lation efficiency than was exhibited by the tes t s ample . 

Unfortunately, the wave plates were not received in t ime to evaluate 

them experimental ly under the p resen t task . However, thei r optical quality is 

excellent . A quick e lec t r ica l check resul ted in 10 percent modulation at 40 volts 

peak- to-peak drive at 48 kHz. This data point extrapolates to a dr ive voltage 

requi rement of 100 V rms at 48 kHz. F i r m conclusions regarding the tuned 

ADP plate mus t follow from a complete evaluation, so at the present , this 

approach remains an in teres t ing and perhaps a very promising possibi l i ty . 

VIII. HORIZON SENSOR OPERATION 

Objectives 

The objectives of this phase of the development activity were to demon

s t ra t e the EODS in a horizon sensing configuration. The ability of the EODS to 

genera te a usable e r r o r signal when viewing a diffuse luminous source contain

ing a dark- to - l igh t boundary (horizon) was evaluated. The relat ionship between 

the s t a r signal output and the horizon signal output were to be invest igated in 

t e rms of form rela t ive null posit ion. The effects of modifying the EODS field 

stops on horizon sensing e r r o r signal output were also de termined. 
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Theoret ical Analysis 

The analysis of the form of the EODS senso r output with a hor izon 

source begins by considering the previously derived (ref. 1) express ion for the 

output signal from a point source , 

V 0 = I 0 , T R G 1 / 2 sin ( j J « . ) (13) 
\ m a x / 

where 

" m a x 

"H = modula tor dr ive factor 

I = collected light flux 
o ° 
T = t r ansmis s ion of optical e lements 

R = detector responsivi ty 

G = power gain of phase sensi t ive detector 

a = angle being sensed 

= center to edge field-of-view 

Define an ins t rument constant, M, such that 

M = T1TRG1 '2 (14) 

then the sensor output express ion may be simplified to 

( ira \ 
—a 

max/ 
YQ = lQM sin[T-z^-\ (15) 

Assume a perfect field stop that completely attenuates the input light flux 

beyond the l imit ing angle, a„ such that 

1 = 0 for \a > Q-, 
o I I I f | 

and is independent of the m.odulation function, r\ 
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The flux collected by the EODS in an inc rement of angle, dor, is 

loo- = AbB(a)da (watts / c m ) 

where 

A = collecting aper tu re a r ea 

6 = accepted field angle perpendular to the sensi t ive plane 

B(Q') = source radiance 

and the EODS output for a dis t r ibuted source within the field stop l imi t s , ± 

is then 

V = o 
/

A6B(a)M sin I- ^-^\ da 
\ m a x / 

-orf 

Since B (<*) is t rans la ted in a if the sensor axis moves, le t 

where 

B (a) — B {a - a ) 

a - pointing angle of s enso r as a whole. 

For a horizon input, the corresponding luminance function is 

B = 0; (o - a ) < 0 

B = B ; (o - a ) > 0 o v o 

which corresponds to an intensity step occurr ing at (or - a ) = 0 
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Evaluating between a and a - we have 

o. 

/

A B Q M sin I ^ Q \da 
' m a x / 

(18) 

-2 a A6B M 
^r max o 
V = cos 

o IT 

tra 
2 a 

max 
(19) 

a 

If or - is se lec ted to be at a ze ro of cos = 
f 2 a. 

yields 

ira 

max 
then the evaluation of eq. (19) 

V = — a 6AB M cos ^ 
o ir max o IP-) 

\ m a x / 

(20) 

Comparison of eq. (20) for a horizon source and eq. (13) for a point source 

indicates that the re is a re la t ive null d isplacement of magnitude ot between 
XYlcLX 

the two senso r outputs. The sensor outputs for a point source and horizon 
source then have the s ame genera l form, providing that the field stops a re set 

at a ze ro of the cosine t e r m in eq. (19). The field stops mus t be carefully set 

at a = -a and a = +3 a for the hor izon senso r to function proper ly , 
max max 

These cha rac t e r i s t i c s a r e exper imental ly verif ied in the resu l t s which follow. 

The calculated EODS output in the horizon senso r configuration is shown in 

fig. 39. 

Exper imenta l P rocedu re and Resul ts 

The horizon s e n s o r evaluation tes ts were performed with the EODS 

unmodified with the single exception of the field stops, which w e r e made adjust

able along the sensing ax is . The EODS modulator was dr iven at a frequency of 

500 Hz at an r m s level of 1000 vol t s . 
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The tes t col l imator was modified to accept a s imulated horizon source 

ape r tu re and provide uniform illumination of the a p e r t u r e . Flat tening of the 

i l lumination field was accomplished by removing the condensing l enses from the 

col l imator l ight source assembly and replacing them with an opal glass diffuser. 

The i l luminated portion of the horizon aper tu re was then quite uniform in 

b r igh tnes s . 

The EODS output was detected by means of a photomult ipl ier and PAR 

type HR-8 Lock-In Amplif ier . Phase -cohe ren t detection was employed since 

the modulator dr ive was also derived from the HR-8 . P r e c i s e photometr ic 

cal ibrat ion was not maintained during this phase of the t e s t s . 

The initial setting of the field stops was de termined by recording the 

EODS output with a s t a r source , as a function of the angle to the source , and 

subsequently setting the field stops to the points of the des i r ed port ion of the 

EODS output voltage curve corresponding to -a ; +3 a . The adjustment 

was made visual ly by positioning the s t a r source to the des i r ed angle and adjust

ing the field stop to jus t "spl i t" the s t a r image . Adjustment of the other field 

stop was accomplished independently in a s i m i l a r manne r . With the field stops 

thus adjusted, the EODS response was m e a s u r e d for both the s t a r source and 

horizon source as a function of angular posit ion. The resu l t is shown in 

figure 40. 

The effects of widening the field stops a re shown in figure 41 . The 

EODS output in this case shows some degradation in t e r m s of the shape and 

orthogonality of the result ing curves , with the hor izon s enso r output being 

b iased away from i ts nominal position. Narrowing the field stops resu l t s in 

the output curves shown in figure 42. Again the output d is tor t ion and lack of 

orthogonality is c lea r ly evident. The des i red field stop positions a re shown 

in figure 40. 

In summary , the EODS can be easily configured to opera te in a horizon 

sensing mode . To do so, the field stop mus t be accura te ly positioned, and the 

null position will be offset by a with respec t to the po in t - source null . 

Unlike the s t a r - s e n s i n g case, the output depends on the field stop position in 
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t he t e l e s c o p e o p t i c s . The t r a n s f e r c h a r a c t e r i s t i c a l s o depends on the u n i f o r m i t y 

in b r i g h t n e s s of the l u m i n o u s a r e a . The e r r o r s in nul l p o s i t i o n r e s u l t i n g f r o m 

n o n - u n i f o r m b r i g h t n e s s , o r p h y s i c a l m o t i o n of the s top c a n be e v a l u a t e d u s ing 

eq . (17) . Q u a l i t a t i v e l y , t he s e n s i t i v i t y of the s e n s o r to f i e l d - s t o p pos i t i on ing 

can b e v i s u a l i z e d by r e f e r e n c e to f i g u r e s 41 and 42, and to n o n u n i f o r m b r i g h t 

n e s s by not ing t h a t a g iven f r a c t i o n a l b r i g h t n e s s v a r i a t i o n a c r o s s the l u m i n o u s 

a r e a wi l l p r o d u c e a nul l shif t of r ough ly the s a m e f r a c t i o n w i th r e s p e c t to a 
rxxcLX 

In o t h e r w o r d s , if A B / B i s - 0 . 1 , t h e n one e x p e c t s AV /V ~ 0 . 1 and 
r o max 

6a ., « 0. 1 a null max 

IX. DISCUSSION 

Summary of Results 

In this section, conclusions a re summar ized , and, recommendat ions 

for future work with the EODS concept a re d i scussed . The questions of modu

l a to r type and detector type a r e examined, and two possible configurations of 

a prototype EODS senso r a re descr ibed . The EODS senso r s a r e also c o m 

pared to an existing s t a r s enso r (ref. 11). 

It is our p resen t opinion that an EODS using a smal l photomultiplier 

and a KD*P modulator is amenable to immedia te application. Such a design 

would be s t ra ight forward and would involve a minimum of additional develop

ment . KD*P modulators of the type we have used are obtainable from c o m 

m e r c i a l sources and all other optical and electronic par t s a r e s tandard engi

neering i t e m s . 

Application of the m o r e sophist icated mechanical ly tuned type of modu

la tor , though promising, would requ i re fur ther development work. 

Am impor tan t question is whether a so l id -s ta te detector can be used in 

place of a photomultiplier, thus eliminating the need for the high-voltage dc 

supply and avoiding the t empera tu re l imita t ions associa ted with a photomult i

p l i e r . It is indeed possible to use a so l id -s ta te de tec tor . However, the quan

t i tat ive benefits from doing so a re not c l ea r -cu t , because the much l a r g e r dark 
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noise of the so l id-s ta te detector requ i res a l a r g e r l ight-col lect ing ape r tu r e . 

In effect, the photomultiplier, is, t raded against l a r g e r optics, and qualitatively, 

the balance between the two approaches appears to be ve ry c lose . A m o r e 

detailed analysis based on the exper imenta l data given in this repor t would 

determine the mos t advantageous approach. The answer is expected to depend 

on the specific application. If the source were b r igh te r than a s tar , for example, 

if it were a l a s e r beacon, then the si l icon detector might be strongly p re f e r r ed . 

Another factor is that the si l icon detector requ i res the bes t s t a t e -o f - the -a r t in 

techniques and design for the preampl i f ie r . This is not a factor when using a 

photomultiplier because its in ternal gain br ings the signal up to a m o r e t rac t ib le 

level before it en ters the preampl i f ie r . 

A special effort was made to de te rmine if the avalanche type of photo-

diode offered benefits in this s enso r application. Our conclusion based on tes t 

data from four devices is that no improvement in noise should be expected. The 

observed N. E . P . of the avalanche photodiodes was essent ia l ly the same as that 

of the sil icon PIN devices . We feel this is a coincidence. On paper, the domi

nant noise source should be dark current , from surface leakage on the detector 

chip. Since surface leakage follows the in ternal gain in the avalanche device, 

be t te r N . E . P . figures should resu l t if the same leakage could be achieved. 

However, the leakage cu r ren t of our avalanche photodiode samples was l a r g e r 

than in the Si PIN devices, result ing in the same N. E. P . value. 

However, the internal gain of the avalanche diode is quite useful, s ince 

it would s ides tep the cr i t ica l f i rs t p reampl i f ie r stage, and would provide a con

venient means for implementing an a . g . c . input. F o r example, the 2co acqu i s i 

tion signal could be servoed to a p rede te rmined value by controlling the bias 

supply of the avalanche diode. This is a useful technique that has often been 

used with photomult ipl iers to control the gain of the detector channel. 

F o r these reasons an avalanche photodiode would m e r i t f i rs t cons ide ra 

tion for a so l id -s ta te detector configuration, even though it would init ially 

present m o r e unknowns. 
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Mechanical tuning of the modulating e lement to lower the dr ive voltage 

appears to be a promising technique. Two configurations were potentially u s e 

ful, one a mechanical ly driven, tuned, s t r e s s e d plate, and the other being 

essent ia l ly a combination of the modulator with the DWP, which was then 

mechanical ly resonated . Both offer an order -of -magni tude reduction in drive 

voltage, essent ia l ly an impedance change. The combined modulator-DWP 

approach has the added advantage of eliminating the modulator as a separa te 

optical e lement . The combined modula tor /DWP approach is an intriguing one 

well worth further investigation because of the simplification it offers to the 

EODS concept. Both mechanical ly tuned modulator types will r equ i re further 

development before reaching thei r ul t imate application. It was for this reason 

that the well-known KD*P modulator was suggested above for m o r e immedia te 

use in an EODS prototype. 

The s t r e s s e d plate modulator, in par t icu la r , needs further study in the 

a r ea of the se rv ice l i fet ime of the cemented joints used in fabricating it, and 

also in optimizing its acoustic design. The benefits to be expected from the 

s t r e s s e d plate modulator a re the complete removal of ape r tu re and field-of-

view cons t r a in t s . Selection of angular scale factor and field-of-view could be 

based ent i re ly on sys tem requi rements that a r e external to the s enso r . Unique 

requ i rements of this nature should be p resen t before considering the s t r e s s e d 

pla te . 

Comparison of Proposed Configurations 

The configuration an EODS prototype might take using the KD*P-

photomult ipl ier combination is shown in figure 43. The purpose of the sketch 

is to indicate approximately the sensor configuration. The overal l s ize is 

based par t ly on the use of a 3 /4 in. d iamete r (20 m m x 80 mm envelope) photo-

mul t ip l i e r . Pe rhaps 4 cm could be removed from the total length by subs t i tu t 

ing a s m a l l e r tube, such as the RCA 8571. However, the rec tangular cathode 

of an 8571 would have to be used itself as the field stop, as this tube has an 

opaque cathode used in a side looking configuration well inside the surface of 

the glass envelope. Therefore, change of angular sca le would requ i re a 

change in the te lescope objective lens focal length. 
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The approximate configuration of an equivalent so l id-s ta te detector EODS 

configuration is indicated in figure 44. Note the l a r g e r opt ics . 

Several p a r a m e t e r s charac ter iz ing the two EODS configurations a r e 

l i s ted in Table V. It should be r emembered that many of the p a r a m e t e r s given 

a r e not fixed, but r a t h e r were a rb i t r a r i l y selected to p resen t a definite example . 

F ie ld-of-v iew and angular scale « , in par t icular , can be easi ly decreased 
° max 

by appropr ia te ly changing the DWP-compensa tor design to as smal l as a s* 2 ' . 

This could be achieved with a 5 mm thick calci te DWP and would be consistent 

with an 8' edge- to-edge field-of-view in the sensi t ive d i rec t ion combined with 

any field from the o rde r of 4' to 1° in the c ros s d i rec t ion. Corresponding 

p a r a m e t e r s from the Mar ine r Canopus t r a c k e r (ref. 11) a r e also l i s ted in the 

table to pe rmi t compar i son of the EODS with one p resen t s t a t e -o f - the -a r t 

design. In the case of field-of-view, d i rec t compar ison is not possible because 

the Mar iner s enso r has a t racking capability not shared by EODS. The ins t an 

taneous field of the Canopus t r a c k e r corresponds mos t closely with the field of 

the EODS. Weight for the EODS was es t imated from the Canopus t r a c k e r weight 

by assuming it to be proport ional to total sensor volume. The required hood 

s ize for the EODS units is pure assumption. The hood s izes cannot be direct ly 

compared with the Mar ine r t r a c k e r hood except in a quali tat ive way. The 

s a m l l e r s ize was based on the r e s t r i c t ed field-of-view covered by EODS c o m 

pared to the Mar ine r s e n s o r . 

The impor tance of sys temat ic drifts can only be es t imated for EODS. 

A reasonable e s t ima te of achievable overal l accuracy is given by the effective 

angular noise input. The noise level is the known l imi t to accuracy . No drift 

e r r o r s have been identified in experiments that could not be made sma l l e r than 

the noise level with careful design. 

In summary , the applications best fitted to the EODS concept will involve 

smal l s enso r f ield-of-view and a requi rement for re la t ively p rec i se pointing. 

The senso r could be made significantly s m a l l e r and l ighter than other types of 

s t a r t r a c k e r s . It should lend itself to low-cos t design, s ince no expensive 

i tems a r e incorpora ted . The modulator and wave plate cost in smal l quantities 
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will be in the neighborhood of $500 each for the two or th ree plates requi red 

in a complete s e n s o r . 

The potential for low cost and smal l s ize opens up an unexplored p o s s i 

bility in optical t racking; namely, that of using multiple independently acting 

s e n s o r s . Multiple s enso r s for s t a r tracking could be permanent ly mounted 

such that each senso r was d i rec ted at a different s tar , thus eliminating the 

problem of identifying the object being t racked . Redundance would also be 

obtained from such an approach. 

The next s tep in the development of EODS would logically involve con

struct ion of a prototype sensor ; that i s , one packaged in a form s imi l a r to flight 

hardware , s i m i l a r to figures 43 and 44. This prototype should be built with a 

specific application in mind. A m u l t i - s e n s o r sa te l l i te attitude control unit or 

an ins t rument gimbal pointing device could be suggested as example . Detailed 

design for achieving a neat smal l package, environmental testing, and evalua

tion of null drifts would r ema in as the p r i m a r y objectives of such an effort. 
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An Electro-Optic Direction Sensor 
A L A N R. JOHNSTON* 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif. 

A single-axis star sensor is described in which a wave plate having direction-dependent retardation, together 
with an electro-optic modulator, provides the basis for indicating the direction of a distant point source of light. 
An alternating current photosignal is obtained, thus avoiding problems associated with detector drift. An analysis 
of the nominal sensor performance is compared with measurement and found to be in good agreement. The 
effect of varying the optical geometry on field of view is calculated. The effective noise input is evaluated. 
Satisfactory tracking of a + 1 magnitude star with a 1 cm aperture and a photomultiplier detector was demon
strated, showing a signal-to-noise ratio of about 50 on an rms basis. 

Introduction 

A NEW type of star sensor, called an "electro-optic direc
tion sensor," will be described in this paper. It is a 

device which generates an angular error signal useful for 
pointing an instrument or for attitude control of a space
craft by sensing a distant light source such as a star. The 
sensor is inherently a single-axis device—i.e., it senses an 
angle in one plane, while its output is independent of angle 
in the perpendicular direction. Two such devices would be 
used for pointing an instrument toward a beacon, but one 
would suffice for roll-axis stabilization of a spacecraft about 
the sun line. The basic phenomenon on which the sensor 
depends is the direction-dependent birefringence of an optically 
anisotropic crystal. No moving parts are involved. An 
electro-optic modulator permits operation of the detector itself 
in an a.c. mode, thus avoiding effects from dark-current drift 
or low-frequency detector noise. A simple detector such as a 
photomultiplier or low-noise, solid-state detector suffices, as 
X — Y outputs are not needed. 

In the past, three identifiable methods of optical direction 
sensing have been used frequently and, of course, many varia
tions also exist.1 Background material on celestial star 
trackers is given in Ref. 2, and a bibliography is available in 
Ref. 3. Arrays of detectors can be arranged in the image 
plane of a lens in such a way that the directional information 
is obtained by noting which detectors are illuminated.4,5 

Alternatively, various mechanizations in which the image is 
either scanned or nutated over a detector have been construc
ted, usually with a mirror or counter rotating prisms. Mechan
ical chopping by means of rotating or vibrating elements has 
also been used6 rather than scanning. Finally, a technique 
may be employed in which image scanning is done with elec
tron optics using an image-dissector tube or vidicon.7 The 
image-dissector approach has been developed to a very 
sophisticated state for roll-attitude stabilization of Mariner-
type spacecraft about the sun line.8 In all three approaches, 
the operation which yields the directional information occurs 
in the image plane. On the other hand, the essential sensing 
operation takes place in the entrance aperture instead of in 
the image plane of the device described in this paper. 

Although the three methods mentioned have been success
fully applied, it is felt that our device has potential advantages 
that may be of value in future applications. It would offer 
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an alternative no-moving-parts approach that is independent 
of the relatively complex and expensive image-dissector tube. 
It is also relatively simple and compact, and therefore promises 
good reliability and low weight. 

In the following sections, the optical and electronic con
figuration of the sensor will be described, and the principle of 
its operation will be explained qualitatively. The behavior of 
the important optical elements is then analyzed in detail. 
The results, given in graphical form, would be useful for 
sizing the optical elements for a given task, and also for cal
culating the expected output signal. Next, the calculated 
parameters are compared with experiment for a specific set of 
optics which were set up on an optical bench. The expected 
noise behavior of the sensor is then calculated from detector 
noise-effective power (NEP) figures. The entrance aperture 
required for a given star intensity, response time, and noise 
level is estimated and compared with some initial noise data. 

Description of the Device 

A pictorial diagram of the sensor optics is shown in Fig. 1. 
The optics can be divided into two main parts: a sandwich of 
birefringent optics, called a "direction-sensitive modulator," 
and a set of conventional telescopic optics which collects the 
light, directs it onto a detector, and also defines a field of view. 
Since the function of the telescope is straightforward, it will 
not be discussed further. The direction-sensitive modulator 
consists of five elements: a polarizer, directional wave plate 
(DWP), compensator, modulator, and analyzer. Optically, 
the DWP and compensator are both fixed retarders (optical 
phase shifters), whereas the modulator acts as a time-varying 
retarder. A more complete discussion of the anisotropic 
optics of crystals is contained in a text by E. A. Wood.9 

These elements are illustrated again in Fig. 2, but separated 
in order to show the optic axis and orientation of each ele
ment. The coordinate system shown, with Z along the nom
inal axis of the sensor, will be used throughout this discussion. 

N—TELESCOPE 
DIRECTIONAL LENS 

Fig. 1 Pictorial diagram of the sensor. 
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POLARIZER DIRECTIONAL COMPENSATOR MODULATOR ANALYZER 
WAVE PLATE 

Fig. 2 Diagram of the direction-sensitive modulator, showing the 
orientation of each component. 

The directional wave plate is cut from an optically uniaxial 
material, such as quartz or calcite, so that the optic axis forms 
an angle 6 with the normal to its faces. It is oriented normal 
to Z and rotated about Z so that the projection of its optic 
axis on its surface is parallel to Y. Aligned thus, the bire-
fringent axes of the wafer coincide with X and Y. For near-
axial rays, its retardation will depend linearly on the direction 
of propagation of the light in the Y — Z plane. The inclina
tion of a ray from the Z direction is specified by a. in Fig. 2. 
The compensator is made from the same material as the DWP, 
but is cut with its optic axis parallel to its surfaces and oriented 
with its axis along X. Its function is to compensate the large 
birefringence of the DWP for light traveling parallel to the 
instrumental axis (a = 0), and even more importantly, it 
compensates the dispersion in retardation so that the device 
will function in white light. 

The modulator, following the DWP and compensator in 
the figure is oriented such that its induced axes of birefringence 
are aligned along X and Y. It superimposes a sinusoidally 
varying (with time, not direction) retardation on the direction-
dependent retardation of the wave plates. It is desirable for 
the modulating element to be isotropic when not being driven 
in order to avoid distortion of the desired dependence of the 
total retardation on direction. Unfortunately, this is not the 
case for potassium dihydrogen phosphate (KDP), the most 
convenient modulator material, and a field-of-view limitation 
(to be discussed later) results. The crossed polarizer and 
analyzer, at 45° to Y, convert the total modulated retardation 
into an intensity which can be detected and processed elec
tronically. 

Taken as a whole, the direction-sensitive modulator behaves 
like a filter in which the transmission depends on the direction 
the light travels through it. 

A quantitative analysis of the sensor will be made in the 
next section of this paper, but its function can be qualitatively 
described in the following way. The directional wave plate 
and compensator, when placed between crossed polaroids, 
will exhibit a set of, let us say, horizontal fringes on a distant 
screen if floodlighted from the opposite side. This pattern of 
fringes corresponds to the interference figure of a crystal as 
displayed by a polarizing microscope, and in fact is the inter
ference figure of the direction-sensitive modulator.9 If the 
screen is far enough away, a position on the screen will 
correspond to a specific direction of incidence. When the 
electro-optic modulator is energized, it wobbles the entire 
fringe pattern in the vertical direction with frequency w. 
The substitution of a distant point source such as a star for 
the floodlight can be modeled by putting a small hole at the 
appropriate point in the screen and detecting only the light 
passing through the hole. The amount of light passing 
through will be modulated as the fringes move up and down, 
with phase and amplitude depending on the position of the 
hole with respect to the unmodulated fringe position. The 
resulting photosignal is converted to a slowly varying dc 
error signal by means of a phase-sensitive detector. 

A block diagram of the sensor electronics is shown in Fig. 
3. The preamplifier is matched to the detector and should, be-
optimized to bring the signal above the noise level of the 
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. i 

AUDIO 
OSCILLATOR 
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Fig. 3 Block diagram of the sensor electronics. 

following electronics in the most expeditious way. The phase-
detector reference is supplied from the modulator driver so 
that the signal component containing the directional informa
tion is extracted from the photodetector output at frequency 
o>. The phase-sensitive detector also provides filtering, 
which determines the information bandwidth of the device. 

Analysis 

In this section, expressions are derived for the useful 
angular field of the sensor, for the transfer function between 
direction and the sensor output, and for the magnitude of the 
second harmonic component of the photosignal. The latter 
is potentially useful as an acquisition signal to verify the 
presence of the light source in the field of view. Both DWP 
and compensator are assumed to be plane-parallel slices of 
thickness tw and tc, respectively, of the same optically uni
axial material. The geometry has already been given in 
Fig. 2. An incident light beam from a distant point source is 
assumed. The direction of propagation of this plane wave 
is specified by a unit vector S along the wave normal. 

O — Ojc, *Jy, Oz (1) 

Consider first the directional wave plate. Its crystallo-
graphic axes are the system a, b, c, with c in the Y — Z plane 
at an angle 6 to Z. In general, the angle 6 is not small. The 
orientation of the identical a and b axes is not important, but 
for convenience we arbitrarily choose a along X. 

In the crystal, the extraordinary index (E vector of light 
in the Y — Z plane) will depend on the angle between the 
wave normal and c. Accordingly, the direction of the wave 
normal within the crystal must be found with respect to the 
a, b, c coordinates in terms of the direction S of the incident 
light. Inside the wave plate, the wave normal is bent toward 
the Z axis, resulting in a new propagation vector S' 

S' = S/, S/, S,' (2) 

Assuming that the ray is nearly parallel to Z, Sxxi S,x S2, 
and 

Sx'= SJne; S/= Sy/ne (3) 

Similarly, the components of S' can be given, with respect to 
the crystal system, as 

3'=P,q,r (4) 

The components p, q, r can be obtained from Sx', $/, Sz' by 
means of a coordinate rotation, with the result that 

r = S,' sin 9 + Sz' cos d (5) 

The phase velocity vp for a wave with e polarization and 
wave normal at an angle tfi to the c axis (cos tfi = r) is given 
by Born and Wolf10 as 

<S& 
•• v0

2 cos2 $ + ve
2 sin2 tfi (6) 
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where v0 and vc are the two principal propagation velocities: 
v„ = cjrio, and vc = c/ne. From (6) we can obtain an effective 
index n = c/vp, 

2 = n^_ m 

" l+/-2[(«e
2-«o2)/«o2] ( ) 

The optical path for the e ray, measured in radians, is 

Te = 2nt„n/XSie (8) 

where t„ is the geometrical thickness of the wave plate, and 
A the light wavelength in air. The direction cosine SL 
allows for the slight increase in geometrical thickness caused 
by the inclination of the light beam. It is included here for 

^completeness, but is not a significant correction since S„, Sy 

are assumed small 

SL = [1 - (Sx/ney - (Sylneyy<> (9) 

A similar expression can be written for the ordinary ray by 
substituting «„ for ne and noting that the ordinary index does 
hot depend on direction 

T„ = 2Trt„n0l\S'z. (10) 

The retardation of the directional wave plate Ar is the 
difference 

re - r„ = Ar = (27r/w/A)(«/«. - «./«.) (i i) 
In principle, the retardation can be calculated from (11) 

for any direction of incidence, since n depends on Sy through 
(3), (5), and (7). 

Note that if AT from (11) is expressed as a power series in 
Sy, the leading term is linear, as follows: 

A r = (constant term) + 2TTI„ An sin2 6SyIXn0 + 

(higher order terms) (12) 

where An is the birefringence of the material, defined as 
ne — n0- We have assumed small birefringence; that is, 
An <g ne. Note that AT does not depend on Sx; angles in 
the X direction are not sensed. 

The retardation of the compensator can be obtained in a 
similar way, by taking into account the different orientation 
of its a, b, c coordinate system. In the result from the pre
ceding analysis for the DWP, the x and y axes must be inter
changed and 6 set equal to TT/2. The result is 

Ar c = (27TtcIX){n0IS'zo - nJSL) (13) 

The quantity AFC does not contain a linear term in either 
Sx or Sy because the cos# term in (5) vanishes for 9 = 77/2, 
so that r in (7) becomes r = S'x. Physically, this means that 
the retardation of the compensator is nearly independent of 
the propagation direction for small inclinations. We can 
therefore conclude that the retardation of the DWP and 
compensator together will vary linearly with Sy, but will be 
independent of Sx. Accordingly, Sx can be ignored and the 
behavior of the device described in terms of a light beam 
traveling in the Y — Z plane. We will specify the direction 
of the ray in terms of the angle a it forms with Z (sina = S,). 

In order to achieve the desired on-axis compensation, we 
require that the total retardation be zero for an axial ray 

From (11), (13), and (14), and by making the approximation 
that An <̂  n„, the following condition on the relative thickness 
of DWP and compensator can be derived 

Up to this point, the analysis has been concerned with the 
DWP and compensator only. The retardation introduced by 
the modulator Tm must also be included in order to calculate 
the modulated light intensity as a function of a. We assume 
a sinusoidal modulator drive at frequency co, so 

Tm = Ymo%mojt (16) 

The quantity rm 0 is a modulation index given by 

Tma = itV,IVm (17) 

where Vp is the peak value (not peak to peak) of the voltage 
applied to the modulator, and KA/2 is the half-wave voltage 
of the modulator—namely, the voltage that would be re
quired to obtain 100% modulation with it between crossed 
polaroids. Figure 4 gives r ra0 in terms of Vp and Vil2. 

The total retardation of the three elements will be 

Ar,,,, = Ar + Arc + Arm (18) 

Substituting(11) for Ar , (13) for AFC, (16) for Arm, and making 
the approximations appropriate for small birefringence and 
small a that were obtained earlier, we obtain 

Ar,0, = (27r/w/A)(Ana/rtav)sin20 + rm 0 sintuf (19) 

The quantity nav is an average index, and can be taken as 
either n„ or ne with small error. In deriving the aforemen
tioned expression (the condition for compensation on-axis, 
(15) has also been used. This condition by its design has eli
minated terms in Ar t o , not containing a, with the result that 
Ar t o l must equal zero for a = 0 and no modulation. 

The analyzer is set at 45°, as shown in Fig. 2, and converts 
the total retardation into an intensity 

/ = /0sin2(Ar,ot/2) (20) 

Here, 70 is the intensity of the polarized beam incident on the 
analyzer, and / is the intensity transmitted to the detector. 
Defining 70 after the beam has passed through the polarizer 
means that the 50% loss inherent in polarizing an incoherent 
beam must be taken into account by including it in the trans
mission factor for the optics. The transmission must be 
defined as the fraction of the intensity passed with polarizer 

tjtw = sin2a (15) 

Eq. (15) states that the ratio of the thicknesses of the DWP 
and compensator must be properly adjusted for exact on-axis 
compensation. The condition for compensation is wave
length-independent since it does not contain A or An, a fact 
which permits the device to function in white light. 

PI V2 

Fig. 4 Modulation index rm o vs modulator drive voltage Vp 

A r + A r c = 0 fora = 0 (14) 
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and analyzer parallel, instead of crossed for an axial beam 
A r , o l = 0 . 

Rewriting (20), we obtain 

/ = /o/2{l - cos[(ir/2)a/amax - rmo sinw/]} (21) 

where a number of constants have been grouped into an 
angular scale factor #max 

<Xmax = A«av/4fw Art SUV* 0 (22) 

Thus, araa„ depends on the wave plate material and thickness. 
Eq. (21) can be expanded to 

± - = \ - \ c o s f t — V o ( r ™ ) - s in(^ — W r U s i n w f 
I0 2 2 \2 <Xm.,/ ° \2 amax/ 

- c o s l ^ — I 
\2 amax/ 

/2(rmo) cos2cu/ + higher harmonics (23) 

where Jt are the Bessel functions of order /'. 
Thus the transmitted intensity has a component at fre

quency co which varies as sin/la, where A = 7r/2amax, which can 
be isolated by a phase-sensitive detector using the modulator 
drive as a reference. If | a | > J« max, one can operate the quasi-
linear part of the sinusoidal curve; but if a > amax, the output 
will decrease again. Accordingly, amax will be considered 
the useful field of view, and the telescopic optics should be 
made to accept a field roughly 2am„ wide—i.e., —araax < a 
< a,™*. The useful field of view in the X direction, perpen
dicular to the sensitive axis of the sensor, is not similarly 
restricted, and could be set many times larger than amax if 
desired. 

Figure 5 is a plot made from Eq. (22) showing the depen
dence of the useful field of view a„ax on DWP thickness for 
three materials of widely differing birefringence: quartz, 
KDP, and calcite, with 6 = 45°. 

Figure 6 gives the magnitude of the fundamental component 
of the transmitted intensity (///0)" as a function of a and the 
parameters amax and rmo. This quantity is proportional to 
the output signal available from the phase detector. 

Figure 6 shows that the optimum value of rmo is 1.8, cor
responding to a Vp of approximately half of Vi/2. However, 
the modulator could be operated at 50% of optimum drive 
(rmo = 0.9) with a signal loss of less than 30%. 

As mentioned before, the component of transmitted in
tensity at 2co, (7//o)2<°, could be detected with a tuned pre
amplifier and used as an acquisition signal. Figure 7 is a 

Fig. 6 The component of transmitted intensity at frequency o> as a 
function of a/amax. 

plot showing the magnitude of this signal in terms of rmo, 
amax, and a. The quantity (I/Io)2™ is a maximum at a = 0 
and varies little over the central part of the useful field. 

Experimental Verification 

The feasibility of the concept has been shown in the labora
tory with optical bench hardware and a simulated star. The 
star image was obtained from a pin hole illuminated by a 
tungsten ribbon lamp and placed at the focus of a 65-cm focal 
length collimating lens. The intensity of the source was 
adjusted with neutral-density filters, while other filters were 
used to approximate the spectral distribution of a 5500°K 
blackbody. 

The experimental hardware was set up as shown in Fig. 1; 
however, the elements of the direction-sensitive modulator 
were spaced out along the axis so that they could be separately 
mounted for convenience in adjusting their orientation. 
Since the modulator operates in collimated light over a small 
field of view, this arrangement presents no optical problems. 
The limiting aperture of the system was the 1-cm-diam wave 
plate. A number of DWP-compensator pairs of differing 
thickness and material were fabricated, but all with d = 45°, 
and therefore tc = J/w. 

Fig. 5 Field of view as a function of DWP thickness. 
Fig. 7 The component of transmitted intensity at frequency 2a> as 

a function of a/amax. 
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The electro-optic modulator was a KD*P (deuterated 
KDP) wafer 2 mm thick with transparent electrodes (obtained 
from Crystalab Inc., Rochelle Park, N.J.). Its measured half-
wave voltage was 4.4 kv, a value significantly greater than the 
3.2 kv expected for KD*P. The reason for the difference is 
not understood, but may arise from incomplete deuteration. 

The polarizer and analyzer were commercial polaroid 
material (HN-38). The telescope lens was a standard en
larging lens of 100-mm focal length. The detector was an 
EMI 9536B photomultiplier. No preamplifier was needed, 
since the phase-sensitive detector was a commercial lock-in 
amplifier (Princeton Applied Research HR-8). 

The magnitude of the photosignal at frequency o> was 
measured and compared with the (///o)™ calculated with the 
methods of the previous section, using parameters appropriate 
to the laboratory optics. The DWP for this experiment was 
of KDP, 2-mm thick with 0 = 45°. The modulator was 
excited with a 500-v peak sinusoidal voltage. The value of 
I0, needed in order to find the calculated output, was obtained 
by turning the analyzer 90° with the simulated star on-axis, 
and the modulator drive turned off. The d.c. detector signal 
was then measured to give I0. 

The results are shown in Fig. 8. The nearly linear portion 
of the output extends roughly to a. = ±0.08°, although a 
signal indication useful for acquisition would be available out 
to a = ±0.2°. The signal at amax is seen to be in close agree
ment with the calculated value. The calculated ama* is some
what larger than observed, but the difference is reasonable in 
view of the off-axis birefringence of the modulator, which 
was neglected in the analysis, and errors in measuring thick
nesses. 

Figure 9 shows the dependence of signal output on modula
tor drive voltage at a fixed a for the same experiment. The 
range of modulator drive voltage shown is low, covering only 
a portion of the first quarter cycle of / , ( rm o ) . 

Figure 10 is a tracing made with an X-Y plotter, showing 
data analogous to that in Fig. 8. 

This plot was made by scanning the simulated + 1 mag
nitude star at a constant angular rate, while plotting the sensor 
output as a function of a. The information bandwidth was 
limited by the lock-in amplifier to a 1-sec time constant, and 
the aperture was 1 cm in diameter. The figure, showing the 
observed noise fluctuations, demonstrates that a useful signal-
to-noise ratio can be obtained for the bright stars with 1-cm 
collecting aperture. 

1000 

MODULATOR DRIVE VOLTAGE V (V, peak) 
P 

Fig. 9 Experimental sensor output as a function of modulator drive 
voltage. 

Evaluation of the Noise Limitation 

The accuracy of pointing toward a dim source, such as a 
star, is inherently limited by noise, and there is an inverse 
relationship between pointing accuracy and system-response 
time. The magnitude of this noise fluctuation is an important 
constraint in a typical application. An estimate of the equiva
lent noise input of the present sensor is given below. 

There are a number of noise sources, including the noise 
associated with the electronics, the dark noise from the de
tector, and the photon noise of the incident light, which is 

DIRECTION TO STAR, o 

Fig. 8 Experimental sensor output signal compared with the calculated 
output. •Ji 

Fig. 10 Experimental output as a function of angle for +1 mag
nitude star, 1-cm aperture and a photomultiplier detector. 
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aggravated by the imperfect quantum efficiency of any real 
detector. 

We assume that detector dark noise will dominate, and the 
following treatment is made in terms of dark noise only. 
However, for a low-noise photomultiplier, it is possible for 
photon noise to dominate, requiring modification of the 
analysis. Our photomultiplier example represents a limiting 
case, since either reduced dark noise or increased light flux 
would produce a photon-noise-limited situation. 

Let us define a photodetector responsivitity R, a constant 
which gives the electrical power delivered into the detector 
load RL, in terms of the light flux / falling on the detector 

P = haoJR^{Rl)2 (24) 

The light flux /, incident on the sensor optics is 

/,• = MA (25) 

where M„ = the flux from the star in lumens/cm2, and A is the 
area of the collecting aperture. 

Assume a transmission T for the optics, so that at the de
tector the maximum available intensity /0 (analyzer parallel) 
will be 

MAT (26) 

The (peak) amplitude of the modulated components of the 
transmitted intensity of the frequency a> is given in terms of 
this same I0 by Eq. (23) 

/ " = Io-q sin[(77/2)a/amox] (27) 

The quantity rj has been introduced for brevity 

*?=/i(rm o) (28) 

The light signal at the detector at to is then 

I" = (TT/2)MA % / « J (29) 

for a small enough to be on the linear part of the response 
curve. The rms noise voltage existing at the output of the 
sensor is calculated from pn, the noise-effective power of the 
detector observed under its actual operating conditions and 
normalized to a 1-Hz bandwidth. 

The electrical noise output power of the detector is then 

P„=(p„R)2B (30) 

where B is the signal bandwidth. The noise power at the 
output of a phase detector is that of the input existing in a 

band B = -—, where TX is the time constant of the output 
OTi 

circuit of the phase detector, multiplied by the power gain G 
of the phase detector at its signal frequency11 

i V " = GP<„(° (3D 

T h e i V c and Pm™ are, respectively, the output and input electri
cal powers of the phase detector. Therefore, the noise power 
at the phase-detector output due to detector dark noise of 
magnitude p„ would be 

N = (pnRy 
8 T , 

(32) 

The signal power at the phase-detector output is obtained 
from (24), (29), and (31) 

S = [(TT/2)VMATR a/araax]
2G (33) 

z 
o 

Fig. 11 Calculated noise as a function of response time. Parameters 
used in the calculation are given in Table 1. 

loop, and the response time of the closed loop would be 
expected to be slower than that of the sensor itself. The 
slower response of the loop averages the noise, and it can be 
shown that the fluctuation in the closed-loop pointing angle 
caused by sensor noise is given by the same expression, 
Eq. (33), with TI replaced by the loop response time. Note 
that the result calculated from (34) is an rms noise 

<a>. = « a ( 0 2 - < « > 2 » , ' : (35) 

Numerical results are plotted in Fig. 11 for two cases: a 
photomultiplier detector and a silicon solid-state detector. 
The significant parameters are given in Table 1. The noise 
expected for different values of A, p„, and Mv can easily be 
obtained by referring to Eq. (34). 

The magnitude of the noise observed experimentally and 
expressed as an equivalent input angular fluctuation was 
estimated using data of which Fig. 10 represents a sample. 
The peak-to-peak voltage signal-to-noise ratio observed is 
approximately 16. The entrance aperture was 1 cm in 
diameter, the simulated star was +1 magnitude and a 1-sec 
time constant was used. If the peak-to-peak noise is con
verted somewhat arbitrarily to rms by dividing it by 3, and 
appropriate adjustments are made for M„ and A in order to 
compare it with Fig. 11, an experimental <a>„/amax = 0.005 

Table 1 Parameters used in calculating the equivalent 
noise input of the sensor shown in Fig. 11 

From (32) and (33) an equivalent noise fluctuation <«>„ of 
the input angle a can be obtained '?'*'jK 

<a>„/«max = IpjWi^^MAT (34) 

The time constant T, is the time constant of the filter in the 
output circuit of the phase detector. However, a sensor such 
as this would normally be used as the error sensor in a control 

Parameter 

Detector NEP, p„ 

Area of objective A 
Modulator drive 

parameter rj 
Transmission of 

optics T 

Incident flux Mv 

Photomultiplier 
detector 

4 x 10 - 1 3 lumen 
Hz - 1 '2 (appro
priate for 1P21 or 
9536B) 

1 cm2 

0.4 
0.3 (ideal polarizer 

+ 60% transmis
sion for remaining 
optics) 

2 x 10"10 lumen/cm2 

(0 magnitude star) 

Silicon detector 

3 x 10""lumen 
Hz~1/2 (appro
priate for HP-
4204) 

10 cm2 

0.4 
0.3 

2 x 10"10 lumen/ 
cm2 

S8 
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can be estimated. This value falls very close to the photo-
multiplier curve in Fig. 11, thus confirming the validity of the 
theoretical noise estimate. 

In order to place this calculation in perspective, the equiva
lent noise input can be estimated for a hypothetical ideal 
sensor in which the incident energy is partitioned between 
two photocathodes as a linear function of angle. Only the 
noise inherently associated with photoemission is considered, 
the rest of the system being assumed noiseless. The result, 
taking an incident flux of 2 x 10~'° lumen and a 70 ixA/lumen 
cathode efficiency in order to be comparable to the photo-
multiplier curve in Fig. 11, would fall a factor of 3 J below it. 
Thus, the noise of the actual sensor is a factor of 3£ larger 

I than the limit theoretically attainable with a photomultiplier. 
This factor can be regarded as a measure of the efficiency of 
the modulation technique employed in the sensor. 

Discussion 

So far, pointing error and drift have not been treated. A 
detailed evaluation of this type of error source remains to be 
done, but we have observed in the laboratory that the null 
remains stable over a period of several days, at least within the 
readability of the instrumentation, which was roughly 1 % of 
the angular range ama,. 

One possible error source whose size can be estimated 
analytically is the effect of temperature changes on the wave 
plates. Temperature change to the modulator element does 
not affect the null. The refractive index and birefringence of 
all materials depend slightly on temperature, a dependence 
that will result in a small change in the retardation of each 
plate. No effect on the null position is expected from simul
taneous change in the temperature of both DWP and com
pensator. A temperature difference between the two ele
ments will cause a shift, however. The magnitude of this 
shift can be estimated for a pair of quartz plates because the 
temperature coefficient of the refractive indices is available.12 

The result is d(a/am^)/dTx 10~5/°C, which does not appear 
to be a serious problem. 

The most significant error source is likely to be the presence 
of unwanted light sources, such as a field of very dim stars or 
a lighted background within the sensitive field of view, in 
addition to the desired star or beacon. The concept assumes 
that there is only one point source present in the sensitive 
field of view; if there are more than one, their inputs will be 
averaged. The laboratory model was found to be very in
sensitive to scattered light—i.e., to light scattered into the 
detector from sources outside the field defined by the tele
scope. 

A practical constraint on the sensor field of view, as opposed 
to a null drift, arises from off-axis retardation of the modula
tor. KD*P appears to be the best choice of material because 
of its availability in reasonably large size with good optical 
quality. The modulator crystal is operated with its optic 
axis along Z in Fig. 2. Therefore, off-axis rays suffer re
tardation, and distortion of the idealized sensor output occurs. 
In principle, it would be possible to take into account the 
effect of the modulator crystal in calculating the sensor output 
as a function in both Xand Y directions. As an example, the 
null line (Ar10, = 0) might be mapped out in two dimensions. 
Although straightforward, the calculation is complex and 
would have to be done numerically on a computer. 

An angular field of view is often quoted for a KDP-type 
modulator and typically may be of the order of i-2°, depend
ing on thickness. This angle is not always defined in the 
same manner, but one such definition sets the field of view at 
the angle where the static retardation of the crystal causes a 
1 % light leak between crossed polaroids. If sin2(T/2) « 0.01, 
then r « 0.2. The equality a = amat occurs at r t0 , = n/2 « 
1.6. Therefore, operation within the modulator angular field 
would result in a maximum distortion of the sensor response 
of about 12%. The distortion is constant, fixed in time. A 
reasonable limit on the sensor range is therefore set by the 
1 % modulator field of view for a KDP-type modulator. A 
considerably larger field could be available for acquisition, 
as mentioned before. 

In summary, feasibility has been demonstrated for a new 
type of star tracker which relies on crystalline anisotropy in an 
oriented waveplate for its ability to sense direction. Its 
efficiency is such that useful performance can be obtained on 
the brighter stars with optics of 1-10 cm aperture. It has the 
advantages of simplicity and no moving parts, and the photo-
detector operates in an a.c. mode. A specific configuration 
has been analyzed and tested in the laboratory; however, 
further detailed work remains to be done in order to fully 
evaluate its characteristics and limitations. 

Possible applications of the new sensor include spacecraft 
attitude control using a star reference, and pointing of a 
platform or other gimbaled instrument toward either a natural 
source or an artificial beacon. The source can be white light. 
By modifying the signal processing somewhat, the device can 
also be configured to sense a horizon—i.e., the edge of a 
lighted area—instead of a point source. 
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1. INTRODUCTION 

The purpose of this papier is to evaluate equivalent noise input fluctuations 
in a new type of sensor called an "Electro-optic Direction Sensor" (EODS). 
The direction sensor itself utilizes a pair of anisotropic or crystalline wave 
plates to derive information about the direction to a distant light source. The 
basic concepts of the sensor are first briefly explained in order to provide a 
background from which to discuss the noise problem. In order to further put 
the results in perspective, the noise equivalent input expected in an ideal star 
tracker is also calculated, first assuming basic or photon noise only, and again 
accounting for a detector cathode efficiency. These results represent an opti
mum noise performance against which the real sensor may be compared. 
Finally, both calculated and experimental equivalent noise inputs are presented 
for the EODS device. We assume that the dominant noise source is the detec
tor, and that no other significant sources exist. This assumption can be a 
valid one with careful technique. 

2. DESCRIPTION OF THE SENSOR (Ref. 1) 

The Electro-Optic Direction Sensor generates an electrical error signal 
useful for attitude control or pointing from a distant light source. It is a single 
axis device suitable for roll axis attitude control, or two could be combined for 
a more general pointing application. The reference light source may be white 
light, such as a star, or a laser beacon. Although several techniques presently 
exist for star tracking, EODS has potential advantages, being simple, compact, 
having no moving parts and using an ordinary intensity detector rather than an 
x-y device. 

The sensor optics can be divided into two main parts, as shown in Fig. 1, 
a sandwich of birefringent optics, called the direction-sensitive modulator 
(DSM), and a set of conventional telescopic optics which collects the light and 
directs it onto a detector. The function of the telescope is straightforward and 
will not be discussed further. 

The DSM consists of five elements, oriented as shown in Fig. 2. The 
directional wave plate is made of a crystalline material, such as quartz, calcite, 
or KDP, (KII2PO4) such that the optic axis is at an angle 6 from the normal to 
the plane of the plate. It exhibits a retardation (optical phase shift) dependent 
on the direction light passes through it, and is the element from which the 
directional information is derived. 

The compensator is a matched wave plate of the same material, with 
optic axis in the plane of the wafer, permitting operation in white light. The 
modulator superimposes a sinusoidally varying component of retardation at 
frequency w. Taken as a whole, the DSM is a filter in which transmission 
depends on direction proportional to sin^or. The modulator oscillates, or 
wobbles the transmission function in the angle a, thus producing modulation of 
the photosignal depending in amplitude and sign on the angular position of the 
light source with respect to a minimum of the transmission function mentioned 
above. 

*This paper presents the results of one phase of research carried out at the 
Jet Propulsion Laboratory, California Institute of Technology, under Contract 
No. NAS 7-100, sponsored by the National Aeronautics and Space 
Administration. \ (\\ 



The photosignal actually contains all ha rmonics of the frequency w. 
It is the component at w that is propor t ional to the angle a, and a dc slowly 
varying signal is obtained by phase detection. The e lect ronics a r e as shown 
in Fig. 3. The signal at 2u has a broad maximum near null, and thus is 
available for an acquisi t ion signal. Modification of the signal process ing would 
make poss ible an a l te rna t ive mode of operation as a horizon or planet l imb 
sensor . 

The analysis of the sensor operation will not be repeated here in detail 
(see ref. 1). It can be shown that the output signal, V 0 is given by 

VQ = I 0 n T R G 1 / 2 s i n ( 5 ^ - ) (1) 
\ max / 

where 

r\ - a d imensionless factor depending on the modulator dr ive level 
typically n may be 0. 3 to 0. 4 

I» = col lected light flux 

T = t r a n s m i s s i o n of the optics 
T < 0. 5 for na tura l light because of the po la r i ze r 

R = detector responsivi ty 

G = power gain of phase sensi t ive detector 

a = angle being sensed 

a = the nominal field-of-view, center to edge. 
a i s de te rmined by wave plate ma te r i a l and geometry. 

max J t- e / 
Tliir UHCI'UI angular range includes most of the 1'irut quar te r cyclt; ol' the 

nine function. The output is l inear within 20% out to ~0. 7 ffmax, which may be 
somewhat a rb i t r a r i l y taken to be the l inear range, within which normal opera 
tion the device occurs after an acquisit ion is completed. A geometr ical field-
of-view somewhat sma l l e r than -Zarr.-V < a < 2 is available for acquisi t ion. 

max amax n 

In the following discuss ion of noise, <*max» the point at which output is 
maximum, is taken to be the angular range of the device for convenience. It 
should be r e m e m b e r e d that the l inear range is somewhat smal le r and the 
range available for acquisit ion somewhat l a r g e r than o m a x , 

Feas ibi l i ty of the concept has been shown in the labora tory , and the expe r i 
mental r e su l t s agree sat isfactor i ly with the theore t ica l c h a r a c t e r i s t i c s . 
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A theore t ica l es t imate of the noise equivalent input angle was a lso made 
and compared with a p re l imina ry exper imental s ignal - to-noise obtained with a 
photomultiplier de tec tor . The theore t ica l noise equivalent input angle was 
calculated i n . t e rms of the field-of-view ffmax using equation (1) above for the 
signal output, and the nep (dark noise) of the detector P n . The detector noise 
was t r aced through the phase detector using a r e su l t due to Van der Ziel 
(Ref. 2) that the output noise power of a phase detector i s that existing at the 
input in a band 8 T , multiplied by the power gain. Here , T r e p r e s e n t s the phase 
detector output t ime constant. 

3. NOISE IN AN IDEAL DIRECTION SENSOR 

In this section we desc r ibe a model of an idealized sensor and calculate 
its equivalent noise input angle for l a t e r compar ison with the EODS. 

The model can be descr ibed with the aid of Fig . 4. A distant point source 
is assumed, at an angle a from the ax is . The total light flux collected is 
designated by IQ. The optics a r e a ssumed to divide the incoming radiation In 
between two de tec tors Dj and D2 without l o s s , such that the proport ion falling on 
Dj va r ies l inear ly with a over a specified angular range; « m a x - a - ^max-
Since there is no loss , IQ = I i + 12- The detai led nature of the optics n e c e s s a r y 
to accomplish this i s unimportant . At the l imi ts of the l inear range ± flmax, 
all of the energy passing the ent rance aper tu re falls on one of the de t ec to r s . 
The e lec t r ica l signal from the two de tec tors i s amplified by a noise less differ
ential amplif ier , G resul t ing in an output signal VQ where 

V ^ A f l j - L j ) (2) 

where A is an a r b i t r a r y gain factor. Introducing the l inear dependence on a, 

Aal 
V n = = " < 3 > 

u a 
max 

The output as given by equation (3) i s shown graphically in F ig . 5, which 
a lso indicates the relat ionship between the output noise voltage Vn and the 
equivalent input angle noise orn. 

Consider f i rs t the ideal case where the only noise is photon noise; the 
de tec tors a r e thus no i se l e s s . The noise fluctuation can be es t imated by the 
s ta t i s t ics assoc ia ted with photon counting, which says that if N photons a r e 
being counted, on the average ; the r m s fluctuation in the count 6N, is given by 

6N = N/N (4) 
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Designating the counting period by TQ, the number of photons Nj 
received on D\ during an interval T can be expressed in terms of the received 
f luxl j . 

« = an effective photometric efficiency to convert from radiometric 
to photometric units. € depends on the spectral distribution of 
the light. 

hv = the energy transmitted by one photon. 

The noise component of the output voltage can now be calculated using 
(2) - (5), 

•- • -m 
1/2 

(6) 

Converting this noise voltage to a signal to noise ratio, expressed in terms of 
amax w e obtain the following result. 

1/2 
a la = [T22^-] (7) 
n max I T T ' * 

= (Vo) 

Thus the signal-noise ratio depends on both the input light flux and the sampling 
time. The characteristic tradeoff between noise level and response time is 
indicated by the factor T " ' / 2 , 

If a more sophisticated analysis is used, in which a low-pass filter with 
time constant T is placed at the amplifier output to define the sensor response 
time, the above result is modified to: 

°n / f lmax = ( ^ 7 / <8> 

The response time of the sensor T is, as seems reasonable, half the sampling 
period TQ. The result 8 is plotted in Fig. 6 as a function of IQ. 

A more realistic (and less favorable) estimate of optimum noise per
formance would result if the quantum efficiency of the detector is taken into 
account. No near perfect quantum counting detectors exist, but the performance 
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of a rea l photomult ipl ier can be approximated very closely by the introduction 
of a cathode quantum efficiency. The noise added by the e lect ron mul t ip l ica
tion p r o c e s s is smal l . 

The same analys is suffices, except that now photoelectrons a r e counted 
instead of photons. Equation 5 becomes 

I .qT 
N i = - V - (9) 

e l ehv 

where 

q = cathode quantum efficiency or 

U c T 

N e = - ^ - (10) 

where | c is the cathode luminous efficiency usual ly given in A/ lumen, e is the 
electronic charge . The original noise ra t io ttn/«max i s mult ipl ied by q " l ' 2 , or 
if we use (10), we obtain: 

a la = (-r-7 ) (11) 
n max \ s c V / 

Equation 11 is a lso plotted in F ig . 6, and r e p r e s e n t s an optimum sensor 
noise input after allowing for the detector cathode efficiency. 

Although the foregoing discuss ion has been made in t e r m s of a conceptual 
model, it should be r e m e m b e r e d that the specifics of the model a r e not impor 
tant, and that the resul t can apply to severa l possible mechaniza t ions . For 
example, the p r o c e s s of proport ioning the collected light onto two de tec to rs 
could be done by a nutating m i r r o r and ape r tu re combination, or by a b ip r i sm 
which splits the light in a te lescopic image of a s t a r according to i ts posit ion. 

Diffraction effects have been ignored, but if the optical geometry should 
be such that it i s impor tant , diffraction spreading mus t be taken into account 
in determining the proport ioning range amaxi o therwise the reasoning would 
not be affected. 
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It should a lso be noted that the t ime constant T can be in te rpre ted in 
two ways. As d i scussed here it i s the response t ime of the sensor output itself 
to a s tep change in the input angle. However, in almost any application, the 
sensor would be placed in a control loop to point or orient a la rge m a s s , and 
the control loop t ime constant would be much l a r g e r than the sensor t ime 
constant. In this situation it can be shown that the sensor noise i s at tenuated 
by the loop dynamics , with the resu l t that T can be in te rpre ted as the loop 
response t ime constant, and a n as the r m s noise fluctuation in the orientation 
of the control led m a s s . 

4. NOISE IN THE ELECTRO-OPTIC DIRECTION SENSOR 

a) Genera l 

We will now give a genera l express ion for the equivalent noise input of 
the EODS, based on our e a r l i e r derivat ion. Measured noise obtained from 
the sensor using both a photomult ipl ier (EMI 9536B) and a Si P in diode (HP 4207) 
will then be compared with the theory, confirming its value as a tool for 
est imating equivalent noise input. Finally, curves have been generated from 
the general noise express ion , and a r e shown in Fig. 6 along with the ideal 
sensor c a se . 

The normal ized equivalent noise input of the EODS was calculated in 
Reference 1, assuming a given detector noise effective power. We wish to 
modify the resu l t in o rde r to take into account the shot noise component of 
the photocurrent . If the photocurrent is i c , then the shot noise component 
6 i c per unit band width assoc ia ted with it is 

6ic - /2eT7 (12) 

Again taking the detection efficiency to be £ c , w e c a n convert to an equivalent 

fluctuation in light flux, 6IC , 

which is then added to the dark noise contribution. The resul t ing normal ized 
sensor noise i s : 

! 172— 
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where the p a r a m e t e r s a r e defined as follows 

P n 

*c 

n 

T 

T i 

*o 

= effective dark noise input of the detector , 
noise , per unit bandwidth 

= detection efficiency 

= modulation efficiency p a r a m e t e r 

= t r ansmi s s ion of optics 

= t ime constant of phase detector output 

= flux accepted by ent rance ape r tu re 

including preampl i f ie r 

A labora tory sensor was const ructed for the exper imental work using 
optical bench ha rdware . The significant facts about the apparatus a r e as 
follows: 

The collecting ape r tu re was 1. 0 cm in d iamete r , the wave plates were of 
KDP, 2 m m thick for the DWP and 1 m m for the compensa tor . The modulator 
was of KD*P(potass ium dideuter ium phosphate) with t r anspa ren t e lec t rodes 
having a half wave voltage of 4. 4 kV. The modulator dr ive was set at 1. 0 kV 
r m s , resul t ing in r\ = 0. 45. P o l a r i z e r and analyzer were of HN-38. The source 
was a s imulated s t a r from a col l imator incorporat ing a ribbon filament tungsten 
lamp f i l tered to a color t e m p e r a t u r e of approximately 5500°K. The f i l ters 
used for adjustment of the spect rol distr ibution were two KG1 and one BG 38 
(Ref. 3). 

The sensor output, taken from the PAR HR-8 (Ref. 4) used for the phase 
detector was r ecorded in rea l t ime with the source set at the sensor null. The 
noise level was de te rmined by hand calculating the r m s fluctuation of the 
recorded signal. The quantity amax was calculated from the full scale ha rd -
over signal output as recorded on the same r e c o r d e r on an appropria te ly c o m 
p r e s s e d sca le . 

b) Photomult ipl ier Detector 

The photomult ipl ier de tec tor was operated at i t s maximum recommended 
gain, into a 1 M£2 load. No optical cons t ra in t s enter , because of the large 
a r e a photocathode. The applicable p a r a m e t e r s were as follows: 

Input flux (T variable) IQ = 1 x 1 0 " lumen 

T ime constant (IQ variable) . T = 0 .3 sec 

Cathode efficiency 4C = 70 | iA/ l 
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-13 Dark nep p = 4 x 10 lumen 

Modulation efficiency r\ = 0. 45 

Optical T r a n s m i s s i o n T = 0. 3 

The exper imenta l data a r e plotted in F ig . 7. The solid l ines in the figure 
a r e der ived from Eq. (14) us ing the above p a r a m e t e r s . None of the p a r a m 
e te r s were made adjustable for bes t fit. Cathode efficiency and dark nep a r e 
from the manufac tu re r ' s l i t e r a tu r e , while the o the rs were independently 
de termined. The agreement i s good. The data indicates that dark noise 
begins to dominate at ~10"10 2m r a t h e r than 3 x 10"! 1 £m, thus the actual 
total dark noise was slightly l a r g e r than pred ic ted . The functional form of 
the m e a s u r e d noise a g r e e s with theory. 

Application of a photomult ipl ier in EODS appea r s to be s t ra ight forward 
and the resul t ing noise c h a r a c t e r i s t i c s a r e well explained in t e r m s of the s imple 
theory given by Eq. (14). 

c. Silicon P . I . N Photodiode 

Analogous data were obtained with a HP 4207 photodiode. The relevant 
exper imental p a r a m e t e r s a r e as follows. 

-8 Input flux (T var iable) 10 

T ime constant (I„ variable) 0. 3 sec 

Detector nep (calculated at 0. 55u) 5 x 1 0 

Modulation efficiency 0. 45 

T r a n s m i s s i o n of optics 0 .3 

Careful attention must be given to the diode mounting, both optically 
and e lec t r ica l ly . The sensi t ive a r e a of our .de tec tor was 1 mm in d iamete r , 
necess i ta t ing a well matched field lens in o rde r to d i rec t all the light into the 
detector from any position in the field of view. An 8 m m f. 1. mic roscope 
objective was used. In addition, the load r e s i s t o r , at the preampl i f ie r input 
must be 108 £2 or l a r g e r in o rde r to r each the inherent noise l imit of the detector 
itself. The overal l nep including a contribution from the amplif ier would be 
dominated by the input r e s i s t o r noise at s m a l l e r r e s i s t a n c e va lues . We did not 
ut i l ize a special ly designed preampl i f i e r , but r a t h e r mounted the detector 
direct ly to the 100 Mfi input of a Type D p r e a m p for a PAR HR-8 phase r e s i s t ive 
detector . This a r r angemen t did not prove to be optimum; amplif ier the rmal 
noise sti l l dominates . However, the improvement in sensor noise that could 
be obtained with an optimum c i rcu i t i s felt to be roughly a factor of two. 

The data a r e given on Fig . 8 along with the theore t ica l noise input. The 
solid l ines were calculated using the numer ica l values given above. 
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The detector nep was derived from manufacturer's data, converted to 
luminous units at 0. 55ji. Monochromatic light was assumed, but the result 
would be reasonably accurate if most of the incident energy l ies between 0. 5p. 
and 0. 6(JL. If the light is from a cool, red source, an adjustment would be 
needed to allow for the extended red sensitivity of a sil icon detector. 

The measured noise i s somewhat larger than the theoretical result, but 
difference is not felt to be significant in view of the experimental uncertainty 
expected in this type of measurement. The functional form of the data i s again 
correct. The actual detector noise is felt to be smaller than the calculated 
value, because of the spectral distribution of the source,but excess noise from 
the preamp, input resistor thermal noise and a lower than expected transmission 
factor all combine to raise the final noise level. 

The same measurements were repeated with an EGG SGD-040 silicon PIN 
diode. The observed noise was much higher and the results are not given here. 
The reason was not high detector noise, but rather low responsitivity. The 
abnormally low response is not understood at present. 

5. CONCLUSIONS 

In this paper, we have characterized the limitations that are expected in 
the EODS due to noise from two points of view. First , the basic noise in a 
simple form of ideal detector was calculated in order to provide a reference 
point from which to judge the EODS concept. Secondly, the equivalent noise 
input of an experimental sensor was measured in the laboratory and compared 
with theory. 

We find the EODS to be noiser by a factor of 3. 5 than optimum, the 
difference being due to the transmission loss associated with a polarizer, and 
the inherent efficiency of the EODS modulation scheme. When used with a photo-
multiplier the EODS noise input is well understood. The brightest stars can be 
easily reached with a 1 cm^ aperture, but substantial improvement over the 
presently observed noise input is not likely. 

The situation for a solid state detector is somewhat different because the 
detector dark noise i s by far the dominant source, completely overwhelming the 
basic photon noise component. As is well-known, state-of-the-art design of 
the preamplifier-detector interface is required for threshold signal operation 
with a solid state detector. In addition, the experimentally observed noise level 
was larger by a factor of 3 than can be accounted for on the basis of published 
detector dark noise, modified to 0. 55fi, the visual peak. However, the results 
indicate that our theoretical estimate of sensor input noise i s valid, and is 
adequate to estimate the sensor noise provided the detector noise is known 
correctly for the specific configuration being considered. 

It i s felt that the curve shown in Fig. 6 represents a reasonable expecta
tion of what can be achieved with a silicon detector. 
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A 0 mag white star could be followed with a collecting aperture of 
approximately 10 cm2 (4 Cm diam.) or larger. It thus appears that the very 
desirable simplicity and compactness of the solid state detector can be taken 
advantage of at the cost of a larger lens aperture, and that in any specific 
application a trade-off could be made to determine the best approach. 
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Captions: 

1. A pic tor ia l d iagram of the sensor . 

2. Diagram showing orientat ion of the e lements of the Direction Sensitive 
Modulator. 

3. E lec t ronic block d iagram of the sensor . 

4. Functional d iagram of a hypothetical ideal sensor used to es t imate bas ic 
noise l imi ta t ions . 

5. T rans fe r cha rac t e r i s t i c of the ideal sensor . 

6. Normal ized noise " n ^ m a x * o r both an ideal sensor and EODS, plotted 
as a function of col lected light flux. 

7. A compar ison of the exper imenta l noise equivalent input with theory, using 
a photomultiplier de tec tor . C i r c l e s indicate data vs t ime constant, while 
c r o s s e s a r e vs flux. 

8. A compar ison of exper imenta l and theore t ica l noise for a HP-4207 
Si PIN photodiode. C i r c l e s a r e vs T, c r o s s e s vs I . . 

References : 

1. This section is a r e s u m e of an ea r l i e r paper descr ibing the EODS in 
m o r e detai l : A. R. Johnston, "An E lec t ro -op t i c Direct ion Sensor" , 
AIAA Guidance, Control and Flight Dynamics Conference, Hempstead, 
New York, August 1971, P a p e r No. 71-966. 

2. A. Van der Ziel , Noise, P ren t i ce -Ha l l , New York, 1954. 

3. Schott f i l ters obtained from F i sh Schurman Co. , New Rochelle, New York. 

4. Obtained from Pr ince ton Applied R e s e a r c h C o r p . , Pr ince ton , New J e r s e y . 

Ill 

11 



•*
 8 

PO
LA

R
IZ

ER
 

C
O

M
PE

N
SA

TO
R

 

A
N

A
LY

ZE
R

 

M
O

D
U

LA
TO

R
 

D
IR

E
C

TI
O

N
A

L 
W

A
VE

 P
LA

TE
 

TE
LE

SC
O

PE
 

LE
NS

 

FI
EL

D
 

ST
O

P 

DE
TE

CT
O

R
 

FI
EL

D
 L

EN
S 



Y 4 

V 

\k
te

. 
PO

LA
RI

ZE
R

 

e 

D
IR

EC
TI

O
N

A
L 

CO
M

PE
NS

AT
O

R
 

M
O

DU
LA

TO
R

 
AN

AL
YZ

ER
 

W
AV

E 
PL

AT
E 

>Z
 

LI
G

H
T 

D
IR

EC
TI

O
N

 



E
-0

 

M
O

D
U

LA
TO

R
 

D
E

TE
C

TO
R

 

A
U

D
IO

 

O
S

C
IL

LA
TO

R
 

P
R

E
-A

M
P

 

RE
F

 

IN
 

* 
D

EM
O

D
U

LA
TO

R
 

O
U

TP
U

T
 •t

e>
 

58 t-
t s S

 



LI
G

H
T 

FR
O

M
 S

TA
R

 

g 
O

PT
IC

S 
O

UT
PU

T 
SI

G
N

A
L 



6 



ST
AR

 M
A

G
N

IT
U

D
E,

 
1 

cm
' 

AP
ER

TU
RE

 
0 T 

Q
 "

n 
' <

* m
ax

 

3 s o O
 £3
 2i
 S 

0.0
01

 

FL
UX

 l
Q
 

Im
 



oo 
I 

o 

o 

CD 
i—i 

I 

— T ~ T -
~ 
-

" 

— 

-

-
-

-

i i 

•• i - -

i 

i 

' 

—1 ' ' 

o 

o 

-^L_J i 

T 

_ l _ 

1 

h 

> 
LU 

NO
 IS

 

o o/ 

o/ > 

/ ° 
/ > 

O
IS

E 

z 

i 

T 

O 

| 

T 

i _ 

1 — 

X 

, 

_E 

o 
1—4 

1 
CD 
•—1 
II 

— 
1— 
< 

> 

o 

1 

o 
a> 

• 
0.

5 
s 

h 
1— 
< 

t / i 

> 
X 

, 

" 
~ 

— 

-

-
-

-

CD 

CD 

I" 
V— 

z 
< 
CO 
o o 

CD I— 

CD 
CD 

X 
CO 

E 

118 

c 



i 
o 

T—r 1 I i X IOJ 

oo 
i o 

E 

X 

i 

o 
I 

J L _LJ i J . 

oo 

2 O 

— |. 

< «C 
t- — 

> > 

J_l. 

r-H 

o o 

— o 

o 
CD 

o o 
U J 

CM 
I 
O 

CM 
I 
O 

! 
O 

X 
to 
E 

119 




